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SUMMARY 
The present study was concerned with the effects 
of environmental stress on the genetic parameters for 
an autogamous plant species. Ten races of Arabidopsis 
thalia~ from a wide geographic range were used as the 
experimental material, together with a set of fifteen 
F 2-hybrids and fifteen double-cross hybrids obtained 
by intercrossing the parental races. The aseptic 
culture method of Langridge (1957) was used throughout 
the study, and all plants were grown within a controlled-
environment growth cabinet. The only character 
considered was the fresh weight of plants after 
fourteen days' growth. 
The first part of the study involved an investigation 
of the effects of environmental stress on the degree of 
heterozygote advantage. Nine environmental regimes were 
constructed, namely the environment giving optimum 
growth and environments imposing medium and high levels 
of stress with respect to four components of the 
environment-temperature, light intensity, amount of 
available water, and nutrient concentration respectively. 
Since an agar medium was used in the growth-rate trials, 
it was necessary to simulate a moisture-stress by the 
addition of mannitol to the medium. 
I 
' I 
Ii 
I 
I 
. 
I 
1: 
II 
1 11 
I 
The degree of heterosis, as measured by the 
vii 
(F -2 
parent) and (double cross-F 2 ) differentials, was found 
to increase with an increase in temperature above the 
optimum value. Similar effects were produced by a 
lowering of the light intensity and an increase in the 
concentration of mannitol in the growth medium. 
However, in each of these latter cases the effect was 
of a lower magnitude than that observed for an increase 
in temperature, being significant only for the high 
level of stress. Finally, a decrease in the nutrient 
concentration produced no significant change in the 
degree of heterozygote advantage for this set of inbred 
and hybrid material . 
The increase in the degree of heterosis with 
increasing stress was considered to result from either 
an increase in the degree of dominance for the loci 
involved, or an increase in the proportionate effects 
of loci at which the alleles exhibit dominance. To 
explain the effect of the nutrient treatment it was 
assumed that within-locus effects are predominantly 
additive over the whole range of nutrient concentrations. 
From the combination of medium stress-levels in 
pairs it was found that the temperature-stress had its 
effect regardless of the presence of additional 
restrictions on plant growth. Few other conclusions 
Vlll 
were able to be drawn from these combination trials due 
to the relatively insignificant effects of the medium 
stresses themselves. 
Consideration was given to the magnitude of 
genotype x environment interaction within each of the 
three generations of plants. For each of the four 
classes of environmental stress the interaction with 
environment was found to be least for the double-cross 
hybrids and greatest for the parental races. As was 
expected from the effects of genetic heterogeneity, the 
between-genotype variation was smallest for the most 
heterozygous material. 
Data from the F 2 plants were amenable to analysis 
by the partial diallel method of Fyfe and Gilbert (1963). 
In the second part of the study a number of genetic 
parameters were therefore estimated from the F 2 data 
corresponding to each of the stress and non-stress 
environmental regimes. Under the optimum conditions 
for plant growth general combining ability effects were 
found to be highly significant while specific combining 
ability effects were non-significanto However, the non-
additive effects were observed to increase in relative 
magnitude as the environmental conditions became less 
favourable for plant growth, the increase being 
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greatest for the mannitol-stress and least for the 
nutrient-stress. The results for stress imposed by 
high temperature were inconclusive. 
There was a progressive decrease in the value of 
the heritability (in the narrow sense) with an 
increasing degree of environmental stress. The values 
for the heritability, together with estimates of the 
genetic correlation between environments, were used to 
derive expectations for the direct and correlated 
selection responses over the whole range of 
environmental regimes. Only very rarely was a 
correlated selection response expected to exceed the 
direct response within a particular environment. It 
was also determined that selection under optimum 
conditions is expected to result in individuals with 
the maximum mean growth rate over a number of 
environments. 
In the third section of the study a programme of 
artificial selection was carried out on the fifteen 
double-cross hybrids under each of five environmental 
regimes. These five selection-regimes were the 
environment giving optimum growth under aseptic 
conditions, and environments imposing high levels of 
stress with respect to temperature, light intensity , 
X 
mannitol concentration, and nutrient concentration 
respectively. Three cycles of selection were carried 
out within each environment, and the selection responses 
were measured relative to the genBration means for 
randomly-chosen sets of plants. 
Under conditions of high temperature-stress the 
major part of the genetic advance was produced by the 
first cycle of selection, while under both a nutrient 
stress and the optimum conditions there was no 
significant response until after the third cycle of 
selection. 
A theoretical study was carried out to determine 
the expected response from selection within an infinitely 
large, obligately self-fertilising F 2 population. From 
the results of this study it was concluded that the 
response from selection under a high temperature-stress 
was concerned with relatively few loci of large effect, 
but that loci of small effect were involved in the 
selection response under optimum conditions and under 
a high nutrient-stress. The intermediate results for 
selection under a high mannitol-stress and a high light 
intensity-stress indicated that loci of intermediate 
effect were involved in these two cases. 
The complete set of fourth-generation material was 
grown under each of the five selection-regimes to 
xi 
determine the direct and correlated responses to 
selection. The maximum genetic advance in a particular 
environment invariably resulted from the selection of 
plants within that environment. It was further 
determined that selection under stress conditions for 
a particular component of the environment generally 
resulted in individuals with the maximum mean growth 
rate with respect to the stress and non-stress 
environments. Finally, each class of stress was 
considered in turn and measurements were made of the 
line x environment interaction effects for the plants 
selected u ::_·-,_J.cr st r e.s s , 2,nd -n o1-:-. - :d~r r):.: ~~ co ndi ti ons . , · The 
magnitude of the interaction wa s found to be unrelated 
to the genetic worth. of a selection-group as indicated 
by its mean performance. 
In the concluding section consideration was given 
to the usefulness of Arabidopsis as a tool for genetic 
research. The availability of an aseptic culture method, 
by which the conditions of growth may be carefully 
controlled, led to the conclusion that Arabidopsis would 
be a suitable organism for investigations on the 
response to artificial selection within autogamous 
populations. 
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CHAPTER 1 
INTRODUCTION 
One of the basic concepts in the theory of 
quantitative genetics is that which describes the 
distinction between phenotype and genotype. The 
observable phenotype exhibited by an organism is said 
to be a function of both its inherited genetic 
constitution, or genotype, and the environmental 
forces encountered during its development. In turn, 
it may be said that the inherent properties of an 
individual genotype within a population are a 
reflection of the environments encountered by its 
progenitors, since the existing individuals are those 
whose progenitors have had the genetic capacity to 
survive and reproduce in the face of various 
environmental exigencies. These principles of 
individual survival, and the bearing that they have 
on the properties of whole populations, are an integral 
part of any theory on the evolution of living matter. 
They are mostly conveniently discussed under the broad 
category of 'adaptation'. 
1 
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The degree of adaptation of an individual may be 
defined in terms of its ability to survive and reproduce. 
In the words of Dobzhansky and Wallace (1953) 
the contribution of an individual of one 
generation to the gene pool of the next is 
a measure of the biological adaptive value 
of the individuaI in the succession of 
environments which it has encountered up 
to the close of its reproductive age. 
Individuals are said to be 'well-adapted' or 'poorly-
adapted' depending on their relative contributions to 
the gene pool of the next generation. 
The question arises as to which properties of an 
individual are important in determining its degree of 
adaptation. Major differences of opinion among several 
authors in matters of terminology have led to 
difficulties in the description of possible mechanisms 
of adaptation. 
Lewontin (1957) described 'homeostatic' mechanisms 
as devices enabling a population to survive and 
reproduce in a variety of environments, so that 
homeostasis leads to adaptation; this is equivalent 
to equating homeostasis with fitness. However, some 
confusion may result from use of this terminology, as 
in the situation where developmental plasticity is 
adaptive. Individuals showing this developmental 
J 
plasticity will then also be developmentally homeostatic, 
an apparent contradiction of terms. 
Thoday (1955) has suggested the use of the 
comprehensive term 'phenotypic flexibility' to describe 
possible reactions of an organism to environmental 
change, with a further distinction into 'developmental 
flexibility' and 'behavioral flexibility'. The former 
denotes an individual's capacity to develop a phenotype 
specifically adapted to the environment of its 
development, and the latter is concerned with the 
ability to exhibit a temporary, reversible change in 
phenotype necessary for immediate survival. An 
individual may possess developmental flexibility through 
the capacity to develop a different, well-adapted 
phenotype in each environment to which it is subjected, 
or alternatively, the genotype may be so balanced that 
the same adaptive phenotype is produced regardless of 
the environmental conditions. 
The terminology of Waddington (1957), in which the 
latter case is referred to as one of 'developmental 
canalisation', would seem to be preferable. Waddington 
has, in fact, suggested that it is necessary to 
postulate three separate notions in connection with 
biological tendencies towards equilibria. These are 
'developmental canalisation' 1 the property of holding 
relatively invariant the course of individual 
development, 'physiological homeostasis', the tendency 
for an individual to hold steady some physiological 
state, and 'genetic homeostasis', which is exhibited 
by a system for which the set of gene frequencies is 
a constant feature. Thus 'homeostasis' can be seen to 
refer to the holding constant of some particular 
characteristic, be it developmental, physiological, or 
genetic. The term 'plasticity' may be used in the 
opposite sense. 
When an individual, or population of individuals, 
is subjected to environmental stress, it will respond 
in a manner dependent on its level for such 
characteristics as canalisation, homeostasis, and 
plasticity. The close relationship between these 
characteristics and the degree of adaptation can be 
seen from the fact that the latter is a measure of 
the individual's ultimate response, in terms of its 
survival and reproduction. 
A fundamental property of any plant population is 
therefore the response shown by individual members to 
environmental stress. The nature of this response 
reveals something of the environmental history of the 
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population, and may also indicate the possible responses 
to future long-term changes in the environment, in 
particular at the population levelo 
From a practical point of view, the aspect of 
importance is the behaviour of plants when they are 
subjected to short-term environmental stress, especially 
in so far as this behaviour affects such variables as 
grain yield. It is therefore desirable to know whether 
generalisations can be made as to the types of response 
shown by plants as a whole, or by more restrictive 
classes of plants. In the present study, the plant 
used was of the class which are obligately self-
fertilised. The chief interest lay in the relative 
growth rates for homozygous and heterozygous material, 
under both stress and non-stress conditions. 
With reference to the conditions for growth, in 
the past many variety trials have been carried out in 
the field and genotype-environment interaction effects 
used as measures of varietal adaptability for the range 
of environments which had prevailed. Finlay (1963) 
considers that few basic principles have emerged from 
these field studies, especially since it is in all 
cases difficult to define and measure both adaptability 
and the complexities of natural environments. 
6 
An alternative approach is to grow the plants under 
controlled environment conditions, varying single 
components of the environment at a time. The degree of 
artificiality thus introduced into experiments, through 
the use of simulated natural environments, is far 
outweighed by the concomitant increase in certainty 
as to the nature of these environments. Controlled-
environment conditions were therefore used in the 
present study, and the environmental components varied 
were temperature, light intensity, degree of moisture 
stress, and nutrient concentration. 
The plant used as experimental material, 
Arabidopsis thaliana (L.) Heynh., was well-suited to 
this type of study, mainly due to the availability of 
an aseptic culture method devised by Langridge (1957). 
In all cases, the metric used was fresh weight after 
a set period of growth. Since growth rate is a 'fitness' 
character in the sense of Allard and Bradshaw (1964), 
its value for races of different geographic origin may 
be expected to diverge widely as a result of the 
varying adaptive pressures of natural selectiono 
Stress environments have received attention in 
the quite distinct field of artificial selection. The 
type of gene action operating within an individual 
7 
varies with the environment, and it may be argued that 
the responses to artificial selection will therefore 
depend on the environmental conditions prevailing during 
selection. At present, there is little experimental 
evidence to give an indication of the relative merits 
of stress and non-stress environments with respect to 
selection response. 
As a further facet of the present study, a series 
of selection lines were therefore set up, again using 
Arabidopsis thaliana as the experimental material. 
Selection responses for growth rate were measured under 
a set of environments ranging from optimal conditions 
to those imposing a severe stress on plant growth. 
Three cycles of selection were carried out within each 
environmental regime, and then the fourth-generation 
material was grown under the full range of selection-
environments to measure the level of adaptability 
characteristic of each line. 
8 
CHAPTER 2 
MATERIALS AND METHODS 
2.1 experimental material 
(i) homozygous races 
The plant Arabidopsis thaliana (L.)Heynh., a member 
of the family Cruciferae, was used as the experimental 
material throughout the course of this studyo From a 
collection of forty-five races available at the 
Division of Plant Industry, CSIRO, Canberra, ten were 
selected at random. The geographic origin of each of 
these ten races is set out in Table 2.1, from which 
it may be seen that the set constitutes a sample from 
a wide range of habitats. 
Flowers of Arabidopsis are small in size 
(approximately 2 mm. in length), and are invariably 
self-pollinated. Individual plants may therefore be 
regarded as homozygous, and a high degree of homogeneit y 
is to be expected within the collection of seeds making 
up a single race. 
(ii) heterozygous material 
To obtain material of varying degrees of 
heterozygosity, cro ss-fertilisation of the races was 
Abbreviated 
for race 
ED 
BS 
CT 
GR 
LU 
MT 
RLD 
TA 
TS 
TU 
Table 2.1: 
Sa 
symbol Origin of race 
Place Country 
Berlin-Dahlem Germany 
Basel Switzerland 
Catania Sicily 
Graz Austria 
Lund Sweden 
Martuba North Africa 
Rschew Russia 
Tabor Czechoslovakia 
Tsu Islands Japan 
Turin Italy 
geographic origins of the ten races of 
Arabidopsis used in the present study4 
9 
carried out to produce F 1 hybrid seedo 
Fifteen single-
crosses and their reciprocals were constructed, each 
race being used three times as a male parent and three 
times as a female parento The particular F 1 hybrids 
produced were such that the data resulting from their 
growth could be analysed by the partial diallel method 
(Fyfe and Gilbert, 1963)0 
In crossing two plants the procedure followed was 
to emasculate a flower just prior to its opening, and 
then to dust pollen from the other parent on to the 
exposed stigmao A piece of coloured cotton was tied 
around the peduncle of the pollinated stigma to denote 
which race had been used as the male parent~ As a test 
of the efficiency of the emasculation technique, a 
total of nine stigmas were left unpollinated following 
emasculationo After twenty-one days, five of the 
styles had withered, signifying that no pollination had 
occurred, and in the remaining four seed-pods there 
was a total of eleven seed. A normal mature seed-pod, 
for a plant grown in the glass-house,contains between 
thirty and fifty seed. 
The F
1 
hybrid seed was found to be very variable 
in size and erratic in its germination behaviouro For 
this reason, _F
1 
plants were grown in the glass-house and 
allowed to self-pollinate, and plants of the F 2 
generation were used in subsequent experimental work. 
10 
An additional hybridisation scheme was carried out 
with the F 1 plants as parents, such that each F 1 
genotype was used once as a male parent and once as a 
female parent o Although the resulting double-cross 
seed was also the product of a manipulated cross, it 
was found to be less variable in both size and rate of 
germination than the F 1 hybrid seed. 
This was possibly 
due to the more vigorous growth of the F 1 parents as 
compared with that of the parental races. 
The crosses which were carried out are summarised 
in Table 2.20 For two races A and B (AB) has been used 
to symbolise their F 1 hybrid, and (AB)(CD) symbolises 
the double-cross between hybrids (AB) and (CD). 
In the future discussion of results, the 
individual F
2 
and (F 1 x F 1 ) crosses have often been 
referred to as 'genotypes' o Although this was strictly 
not the correct usage of the term, many difficultie s 
were found to arise if alternative terms were introduced 
in the phrasing of conclusions~ 
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ED 
BS 
CT 
GR 
Male LU 
parent MT 
RLD 
TA 
TS 
TU 
Female parent 
g~l ~[gl 
iGR) (LU) GRl (MTl GR (TS 
i
MTl iBSl T TA 
RLD) BS 
~
RLD) ( CTl 
TSl (ED 
TS (RLD 
~~l ~!!l 
( TU) (LU) 
ED 
l 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
BS 
2 
lOa 
F 2 material 
Female parent 
CT GR LU MT 
J 4 5 6 
14 
17 
20 21 
F 1x F 1 material 
Male parent 
(MT) (BSl 
(RLD) ( CT 
( GR) (MT) 
~ J!j ~~~i (MT (TA 
~;i ff~l 
:Tsl(RLDl 
I) TA (ED 
1
> CTl 1LU I TU BS 
(RLD) Bsl 
(TS) (ED) 
RLD TA TS TU 
7 
15 
18 
8 9 10 
ll 12 lJ 
16 
19 
22 
2J 
24 
25 
Identification 
number 
26 
27 
28 
29 
JO 
Jl 
J2 
JJ 
J4 
J5 
J6 
J7 
JS 
J9 
40 
Table 2o2: a list of the F2 and (Fix Fi) hybrids 
constructed and grown in the present 
study; identification numbers are given 
for the races and their hybrids, and the 
presence of a number in the upper listing 
denotes that a cross was made and F 2 seed 
obtained. 
11 
2~2 culture methods 
( i) plants grown in pots 
Plants were grown in pots when it was desired to 
carry out eras sing or obtain a .large quantity of seed 
of a particular genotype~ As in all of the exper imental 
work, use was made of the facilities in the phytotron 
at the Division of Plant Industry, CSIRO, Canberra. 
Several types of inert growth medium were 
available, but the most suitable was found to be a 
50-50 (by volume) mixture of leached vermiculite and 
terra-green, a commercially produced granular soil-
conditioner. Vermiculite has a good capacity for water-
retention, and the presence of terra-green results in 
both improved aeration and a reduction in algal growth 
on the surface of the medium. 
Rather than sow seed directly on to the 
vermiculite terra-green mixture, germination was 
effected on an agar growth medium (Langridge? 1957) 
in a petri-dish .. The seedlings, together with the 
small blocks of agar on which they were growing , were 
transferred to a pot approximately seven days after 
germinationo 
Watering was carried out with a standard 
Hoagland' s nutrient solution, but in which the phosphate 
concentration had been reduced to one - half of the 
I 
' 
I, 
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standard level, and most of the potted plants were grown 
in a naturally-lit glass-house with a day-temperature 
of 24°c and a night-temperature of 19°c .. Supplementary 
lighting was supplied by incandescent lamps to increase 
the photoperiod to 16 hours .. 
( ii) aseptic culture 
An aseptic culture method for growth of Arabidopsis 
has been described by Langridge (1957)# This method 
allows for a strict control of most factors of the 
environment, so that there is a high degree of 
repeatability of the culture conditionso Plants on 
which measurements were to be made have therefore been 
grown by this method~ 
The procedure followed in preparation of the growth 
medium is set out in Appendix Ao 
Prior to the seeding of culture tubes 1 ultra-
violet lights were used to reduce the level of 
contamination in the seeding room .. Sterilisation of 
the seed was carried out with an ethanol-hydrogen 
peroxide mixture as proposed by Langridge 9 but flaming 
of the platinum loop used in seeding was not practised 
as this made little difference to the degree of fungal 
contaminationo 
13 
Langridge (loc.cit~) has stated that a period of 
cold-treatment is necessary for successful germination 
of Arabidopsis seed, and the minimum time was therefore 
determined by a series of germination testss For each 
of the ten parental races and fifteen F 2 -types? 
approximately ten seed were placed in each of three 
petri-dishes containing moist filter-papers9 The three 
seed-lots were placed in a 2°c cold-room for 24 hours, 
48 hours, and 72 hours respectively, following which 
they were transferred to a growth-cabinet at a 
t t f 22 oc. empera ure o w The percentage germination under 
each treatment was measured after a period of four 
days in the growth-cabinet. From the results obtained, 
shown in Table 2.J, it was concluded that a cold-
treatment of at least 72 hours was necessary for good 
germination. 
After seeding had been carried out, the tubes in 
their wooden blocks were therefore placed in a 2°c 
cold-room for approximately 80 hours. Following 
removal to an artificially-lit growth-cabinet, 
germination was allowed to proceed under incandescent 
lighting until the cotyledons were well clear of the 
growth medium (approximately Jmm. above the surface)o 
The fluorescent lights were then switched ono Thi s 
germination period varied in length from two to three 
Type of seed 
0 Hours at 2 C Parent F2 
-
24 63 98 
48 84 100 
72 99 99 
Table 2.J: percentage germination for 
parental and F 2 seed after 
increasing periods of cold-
treatmento 
lJa 
14 
days, depending on the temperature within the cabineto 
In Plate 2.1 there are shown a number of Arabidopsis 
plants flowering under aseptic growth conditions~ The 
basal rosettes of these J4-day-old plants may be clearly 
seen. 
A description of the LB-type growth-cabinet used 
in the present study has been given by Morse and Evans 
(1962)0 The plant-growing space of 1706 square feet 
allowed for a total capacity of 800 plants in test-
tubes. 
The temperature within the cabinet was measured 
as both an 'agar temperature' and a 'cabinet 
temperature', and was recorded on a continuous chart -
recorder. Monitoring of the agar temperature was 
carried out by means of a copper-constantan thermistor 
pushed into the growth medium of a single test - tubeo 
However, the value was found to vary to quite a marked 
extent depending on the position of this test - tube both 
within the cabinet and within the wooden test - tube 
holder. There was also some tendency for the agar 
temperature to fall over the period of a single trialo 
More reliance was therefore placed on the cabinet 
temperature as a measure of the prevailing 
environmental conditionso 
Plate 2.1: 34-day-old plants of Arabidopsis thaliana 
gro,;·ring in test-tubes on an agar growth-medium~ 
To decrease the rate of dessication of the agar 
growth medium, particularly at high temperatures, the 
relative humidity within the cabinet was maintained 
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at above 90 per cent by the introduction of steam into 
the circulating airstream. 
2.J ~ge of environments studied 
A list has previously been given of the parental, 
F 2 , and double-cross genotypes which were used in the 
growth-rate trials. In choosing the range of test-
environments, four major components of the natural 
environment were given primary considerationo These 
are temperature, light intensity, nutrient status, and 
amount of available watero 
For each of these four environmental factors 
three levels were constructed, namely the level 
resulting in optimal plant growth, and two levels 
reducing the growth-rate of plants to approximately 
one-half and one-quarter of the optimum valueo The 
latter two cases will be referred to as 'medium stress' 
and 'high stress' situations respectively~ In all, 
there was a total of nine test-environments~ 
Griffing and Langridge (1963) have studied the 
effects of temperature on growth of Arabidopsis in 
aseptic culture 9 and have found that the optimum growth 
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of most races occurs at an agar temperature of about 
25°c. For the present study this was therefore chosen 
as the optimum temperature, and when medium and high 
temperature-stresses were required the plants were 
t t t f 29 °c and 31°c grown a agar empera ures o 
respectively. 
Some data were available from Griffing (pers.comm.) 
on the growth of several races of Arabidopsis at 
varying nutrient concentrations. From these it was 
concluded that medium and high stresses could be imposed 
by a reduction of the normal nutrient concentration to 
1112 th and 1/36th t· 1 respec ive yo 
A pilot experiment was carried out to determine 
the desired levels of the remaining two environmental 
factors, namely light intensity and the amount of 
available water. Variation in light intensity is 
readily produced by shading with 'Sarlon', a woven 
vinyl material. This may be laid directly on top of 
tubes in the growth cabinet. By contrast, there is 
some difficulty involved in imposing a moisture stress 
on plants growing on an agar growth medium. Perhaps 
the most suitable method, which was subsequently 
employed, is that suggested by Langridge (1963). 
this method a quantity of mannitol is added to the 
With 
growth medium, and a moisture stress is thus imposed 
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in the sense that the increase in osmotic pressure 
impedes the uptake of water into plant tissueso It is 
most probable that the mannitol has no major effect on 
the physiology of the plant other than this tendency 
to bring about dehydrationo 
From the results of the pilot experiment with 
races CHI and CT of Arabidopsis, the decision was made 
to grow plants at light intensities of 2,000, 900, and 
400 foot-candles ·, and at mannitol concentrations of 
O, 00125, and .02 gmso/gm. of medium. 
Each of the four types of stress was found to 
have a characteristic effect on plant growthg Some 
idea of these effects may be gained from Figure 2 .1, 
in which there are represented the silhouettes of 
plants grown for fourteen days under high- stre s s 
conditions and pressed flat after harvesting o The 
major morphological effects of the different t y pe s of 
high-level stress are: 
(i) high temperature : there is a general 
(ii) 
reduction in s ize of the plants~ Plant s of 
some races have chloroti c leave s whi ch are 
very much reduced in s iz e . 
low light intensity~ petioles are v ery 
much increased in length and laminae sma ller 
Race BD 
Optimum conditions 
44.4 mgms. 
High temperature stress 
13.3 mgms. 
• 
9. 6 mems. 
High light stress 
High moisture stress 
13.5 mgms. 
High nutrient stress 
9.7 mgms. 
Race BS 
36.3 mgms. 
18.7 mgms. 
5.6 mgms. 
----* 
8.7 mgms. 
8. 0 mgms. 
Figure 2.ls silhouettes of plants of races BD and BS, grown 
under 5 different environmental regimes. Values 
are given for the mean of each race in the trials 
from which these plants were selected. 
(iii) 
(iv) 
in area. There is very little secondary 
root growth, and those roots which do 
develop are approximately twice the normal 
length. 
low nutrient concentration: plants are 
very chlorotic and reduced in size, some 
having purple undersides of leaves; the 
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leaves tend towards linearitye Root growth 
is qualitatively normal but reduced in 
quantity. 
high moisture stress: plants are dark-green 
and very compact, with shortened petioles 
and a closely-formed, shortened root system. 
With four factors of the environment under 
consideration, there was some interest in their joint 
action. The four medium stress levels were therefore 
combined in pairs to form an additional six test 
regimes. Data from the growth of plants within these 
regimes were inspected for the additivity or otherwise 
of the different classes of stress~ 
The test environments which were employed in the 
growth-rate trials are summarised in Table 2o4. The 
complete set of parental, F 2 , and double-cross 
genotypes were grown within each of these environments 
18a 
Environmental component 
Type of Tempera- Light 
environment Mannitol Nutrient ture intensity (gms./gmo) (standard=l) (oc) (f.,co) 
Optimum 25 2000 0 1 
!Medium T 29 2000 0 1 
High T Jl 2000 0 l 
!Medium L 25 900 0 l 
High L 25 400 0 l 
tMedi um M 25 2000 ,,0125 l 
High M 25 2000 ~02 l 
Medium N 25 2000 0 1/12 
High N 25 2000 0 1/36 
Medium T and 
medium L 29 900 0 1. 
Medium T and 
medium M 29 2000 001.25 l 
Medium T and 
medium N 29 2000 I 0 1./12 
Medium Land 
medium M 25 900 110125 l 
Medium Land 
medium N 25 900 0 1/12 
Medium Mand 
medium N 25 2000 "0 .125 1/12 
Table 2e4: a list of the fifteen test - environments 
which were employed for growth of the 
parental, F 2 , and double-cross material. 
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for fourteen days, with each parent be.ing represented 
by twenty plants, each F 2 -hybrid by thirty plants, and 
each double-cross by ten plants. After this period of 
fourteen days each plant was pulled from the agar, the 
roots blotted, and the fresh weight measured to the 
nearest tenth of a milligram. 
In Tables where the environmental regimes are 
specified, it is the rule that 1 T 1 , 'L', 'M', and 
1 N1 refer to temperature, light intensity, ma.rinitol 
concentration, and nutrient concentration respectively, 
and 'medium' and 'high' indicate the level of stress. 
2.4 selection procedure 
The double-cross set of genotypes was used as 
the base population for an artificial selection study, 
and this set will be referred to as the first 
generation of the selection programme~ 
Selection was carried out separately under five 
environments using the aseptic culture methodo The 
environmental regimes were the optimum and high-stress 
regimes of Section 2(c) 
viz. (i) 
(ii) 
(iii) 
optimum conditions 
light intensity 400 f.c. 
nutrient concentration l/J6th normal 
(iv) 
(v) 
. 0 
temperature (agar) Jl C 
mannitol concentration .02gms./gm. 
of medium. 
The procedure followed for each of the selection 
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lines was the same. In the first generation, ten plants 
of each of the fifteen double-crosses were grown. Ten 
wooden blocks were used to hold the tubes, and plants 
of any one double-cross were systematically arranged 
over the growing area. Growth was allowed to proceed 
for fourteen days from the time the tubes were first 
placed in the growth cabinet, and plants were then 
individually pulled from the agar medium, their roots 
carefully blotted, and fresh weights measured in 
milligrams. 
At this stage, plants dried out very rapidly if 
left with no supply of moisture. They were therefore 
stored in a holding-dish which consisted of a plastic 
dish with a perspex lid. A number of 3/16 11 holes 
had been bored in the lid, and in operation the dish 
was filled with water and the plants placed into the 
holes with their roots immersed. A holding-dish 
containing forty weighed plants is shown in Plate 
2.2. 
' 
,. r~~ ~ 'k ~ 
I' ¥ ~ 
* 
ar, ~~ 
~ ;.. ~ . ~ :/( ~ ~· 
91t 'to ,) ~ ~~ ~:c 
Plate 2.2: pla,stic holding-dish with forty nlants which had_ 
grown for fourteen days under optimum conditions .. 
Plate 2.3: four nl~nts of Arabidol')sis thaliana in r1 411 not 
containing a 50--50 mixture of terr -sreen and vernicnli te .. 
Each nlant ha.d "')reviously 0 rolrr1 for fourteen days una_er a 
high light .intensi "bJ-stress. 
When all the plants of the first generation had 
been weighed, the fifteen plants with the highest 
fresh weights were chosen as parents of the second 
generation, and fifteen plants were also selected at 
random as a control~ Transplanting was carried out 
into pots containing a vermiculite-terra-green 
mixture as described in Section 2.2(i)o A pot 
containing four plants is shown in Plate 2.J. After 
the plants had grown for approximately two months 
under continuous light at 25°c, the mature seed was 
harvested. 
In the second generation a total of JOO plants 
was grown, comprising ten progeny for each parent 
selected from the first generation. The second and 
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third cycles of selection were identical to the first, 
except that the randomly-chosen plants were maintained 
as a separate group~ 
I .t frequently happened that a number of plants 
failed to survive the transplanting procedure, and in 
these cases the number of progeny from each surviving 
parent was correspondingly increased to maintain a 
population size of approximately 150. 
Growth rates of the complete set of fourth-
generation material were measured under each of the 
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five environmental regimes. It was therefore possible 
to ascertain the level of adaptation characteristic of 
each selection-group, and to determine which selection-
environment had resulted in individuals showing the 
maximum genetic advance with respect to each of the 
five response-environments. As in all other cases, for 
these growth-rate trials no attempt was made to 
partition the growing area into blocks. The plants of 
any one line were arranged systematically over the 
whole growth-cabinet platform. 
2.5 statistical analysis 
All of the analytical work was carried out on an 
IBM 1620 computer. The main statistical procedures are 
outlined in the sections which follow: 
(i) use of transformations 
The only quantitative character considered in the 
present study was fresh weight after fourteen days' 
growth. A very small proportion of plants had commenc e d 
flowering at this stage, but it was possible to as sume 
that the majority were still in the exponential pha se of 
growth. Except where it is otherwise sp e cified , a 
logarithmic transformation was therefore applied to all 
data prior to analysis. 
i.e. for a plant with fre sh weighty mgms. , the 
transformed variable x = log10y . 
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(ii) measurement of phenotypic stability 
In order to compare the phenotypic stabilities of 
the different genotypes for each class of environmental 
stress, it was necessary to have some means of 
quantifying stability. Two distinct methods, as used 
previously by Finlay and Wilkinson (1963) and Griffing 
and Langridge (1963) respectively, were found to be 
suitable. 
Consider a set of m environments E1 , E 2 , .••• , 
and suppose that a set of n genotypes G1 , G2 , •••. , 
E ' m 
G 
n 
is grown in each environment to give the mean phenotypic 
values x .. (i=l, •.• ,m; j=l, ••... ,n)~ lJ The method of 
Finlay and Wilkinson (1963) uses the overall mean 
n 
x.= ~l x .. as a quantitative measure of environment l J= lJ 
E., and the phenotypic stability of genotype G. is 
l J 
- -determined as the regression of the x .. on the x. lJ l 
(i=l, •••• ,m). In the present study, however, the 
means x. . were based on varying numb er s of plants due lJ 
to inconstant germination percentages. The regression 
method of quantifying stability was therefore not used 
in the first instance. 
Griffing and Langridge (1963) grew a range of 
genetic types of Arabidopsis at six temperatures, and 
performed a single-classification analysis of variance 
I 
·, 
I 
I 
1: 
Ii 
n 
I 
! 
' 
I 
-
on the data for each genetic type. A measure of 
stability was then given by an estimate of the 
temperature component of variance, based on the 
expectations of mean squares. A basically similar 
method was used to measure stability in the present 
study, although a slight variation was made necessary 
by the unequal numbers within subclasses. 
The procedure followed in the analysis for each 
genetic type 
I\ 2 
variance CT" t 
is given in Table 2.5. The component of 
was used as the measure of phenotypic 
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stability for the range of environments E 1 , Ez, "o • • o , Em• 
(iii) analyses of variance 
Several different classes of analysis of variance 
were used in the reduction of data, and in this section 
an outline is given of the statistical procedures 
involved in their use. The analyses were, in general , 
complicated by the occurrence of unequal numbers in 
subclasses as a result of poor germination or the loss 
of plants through failure of the cotyledons to emerge 
from the agar medium. Analyses of variance based on 
subclass means, and using pooled estimates of error, 
were therefore used ~ 
-
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Environment 1 ..••. Environment i ••• ~Environment m 
Total: 
Number: 
Model: 
Between 
Within 
• 
• • 
x .. 
lJ 
• 
• 
• 
• 
• 
Source 
• • 
• • 
X. " 
lJ • 
• • 
• X. X 1n. mn 
X. 
1. 
n. 
l 
1 m 
X 
m. 
n 
m 
t . + e . . ( t . fixed) 
l lJ l 
(i=l, ••• ,m 
:(j=l, ••• ,n. 
l 
Analysis of Variance 
DF ss MS E[Ms] 
2 L- x~ u:2 n. environments (m-1) X • • Mt + -. l. - e 1-
-
m 
n. n. 
l (j2 environments (n.-m) by subtra- M 
ction e e 
Total (n.-1) L .L X· .2 2 . . .lJ - x .. 
l J -
n. 
m 
n. 
I x .. 
I n ~ 
Ut2 
Table 2.5: generalised data table and analysis of 
variance table for estimation of the 
phenotypic stability for any given genetic 
type. 
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An approximate analysis of this type is performed 
as though there were one 'observation' per subclass, 
the observation being the subclass meano 
th 
the population variance within the p 
Suppose that 
subclass is 
; 
Then, as noted by Scheffe (1959), the approximate 
method of analysis corresponds to an exact method, 
involving the fitting of constants, 2 if al 1 the r;J' are p 
assumed equal~ The approximate method is, however, 
somewhat less efficient~ 
In an analysis of subclass means, components of 
variance may be estimated in the usual manner from 
the expectations of mean squareso In general, the 
sampling errors of these estimates are either not 
known or may only be worked out 'by a large amount of 
tedious algebra' (Kempthorne, 1957; p .. 259). However, 
this fact introduced no real difficulty into the 
present study~ Several estimates were always obtained 
for a particular component, corresponding to analyses 
for several separate genotypes or environmental regimes, 
and the interest lay in the relative magnitudes of 
these estimates rather than the absolute magnitude of 
any one of them .. 
Consideration will firstly be given to a two-way 
analysis of variance with nesting within one of the 
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factors. The data are assumed to have resulted from 
growing n generations of plant material under m 
environmental regimes .. There are a varying number (N.) l 
of genotypes within generations., The model for the 
analysis of variance is 
[ i = 1 , • • • , n ; k= 1 , • • o , m 
( gt ) · · k + e · · kl ' lJ lJ 
j=l,.,,,o,N. 
l 
l=l, ..... ,n .. k] lJ 
The generalised analysis of variance table is set out in 
Table 2.6; expected mean squares were derived on the 
assumption that all effects except the error are fixed .. 
A two-way analysis of variance is the second type 
to be considered, again with unequal numbers of 
observations occurring within subclasses .. A typical 
set of data would result from the measurement of a 
set of n genotypes grown under a range of m 
environments. The model for the analysis of variance 
is 
xijk = f + gi + t j + (gt) . . + e. ·k' lJ lJ 
[i=l, .•. ,n; j = 1 , D .. " ~ , m ; k= 1 , ,, • " ., , n . . ] lJ 
The generalised analysis of variance procedure is given 
in Table 2 .7, the expected mean squares having been 
derived on the assumptions of random genotypic and 
fixed environmental effects~ 
Source 
Generations 
Environments 
Genotypes 
within 
generations 
Generation X 
environment 
Genotype X 
environment 
= 
DF 
n-1 
m-1 
N.-n 
(m-l)(n 
(m-l)(N 
0- 2 
e 
SS* 
GRSS 
ENVSS 
GENSS 
-1) GRXESS 
.-n) GXESS 
L 1 
26a 
E[MS] 
er 2 2 mN. o-2 + mer + --1 e g n a 
2 
2~ + N • 0-t 
2 
CT 2 2 + mer J e g 
<:r 2 CT 2 No o;_t2 + + -1 e gt n 
2 \) 2 
J~ + gt 
CT2 O-e 2 L 1 1 \J 2 where [.L ijk J ' 1 1 e m(n-1) - 2 e - - ijk 
nijk N. No mNo nijk l 
* sums 
(1) 
(J) 
'v" 2 1 
e \T2 L [1 and = µi(N.-n) J e ijk llijk 
of squares: 
LXi 
2 
GRSS = i mN. l 
L X .. GENSS = lJ ij m 
2 
x2 
mN .. 
(2) ENVSS 
GRSS x 2 
mN .. 
1 
-]. N~ l 
= L 
k 
x2 
k 
N. 
L 2 (4)GRXESS = xik ik GRSS ENVSS - X2 
(5) 
where 
X. 
l 
N. l 
GXESS = L ijk .2 X .. k lJ • - GRSS - ENVSS 
X ijk. 
1 
= L 
nijk 1 
X .. k ' Xk = lJ • 
I 
. x .. k , and J lJ • 
xijkl' X = L ijk 
L 
xijk. X. ij ? lj -· 
N • = ~ . n. • l l 
mNo 
GENSS 
xijk. ? 
L 
k xijk .. 9 
2 
X 
mN. 
2 
GRXESS - _L. 
mN., 
Table 2.6: analysis of variance table for a two-way 
analysis of variance with nesting within 
one of the factorso Expected mean squares 
are based on the assumption of fixed 
effects. 
II 
II 
Ii 
I 
' 
1! 
I 
Ii 
I 
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Source DF MS* E[MS] 
Genotypes n-1 BGMS 
cr2 
+ m 
rJ 2 
e g 
Environments m-1 BEMS ~ e + ~t2 + nvt2 
Genotypes X (m-l)(n-1) GEMS CJ 2 + ~t2 environments e 
Error n~ .. -mn ERMS cr2 e 
* mean squares: 
1 
[l L 2 x2 (1) BGMS J = n-1 . X. m l l mn 
( 2) BEMS 1 [l L 2 x2 J = . X. 111-1 n J J mn 
(J) 1 [~ 2 1 ~ 2 1 ~ 2 X.-- ~-X. x2 GEMS 
- (111-l) (n-1) X i +-lJ ij" m l n J J mn 
1 ~ 1 L 2 
-~ 
x2 .. 
(4) ERMS = mn(n ... -mn) [. "k xijk 
lJ <> J ij n .. lJ lJ n .. lJ lJ 
where Xij. = ~ xijk' x _ .. lJ" = 1 n .. lJ -~x k ijk' 
X. = 
l 
and 
Table 2.7: 
... . 
~ X . . ' X. = J l J. J 
n." =~ ij n .. lJ 
L 
. X . . 9 l lJ., X = ~ lJ X . . ' lJ" 
generalised analysis of variance table for 
a two-way analysis with unequal numbers in 
subclasses. Random genotypic and fixed 
environmental effects are assumed in the 
derivation of expected mean squares., 
J 
' 
If 
1,, 
I ,, 
' 
,, 
•1 
11 
II 
Jj 
,I 
II 
t -
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In Chapter 5 of this report the results are given 
for a nwnber of nested analyses of variance~ The 
procedure for carrying out this third type of analysis, 
and expressions for the expectations of mean squares, 
have been given by Steel and Torrie (1960)0 
(iv) diallel analysis 
An indication has been given in Table 2.2 of the 
crosses which were carried out to produce F 2 seedo 
Data from these F
2
-hybrids are amenable to a partial 
diallel analysis of the type proposed by Fyfe and 
Gilbert (1963), yielding estimates of both first and 
second-degree genetic parameterso 
The primary analysis involves estimation of the 
general combining ability (g.coao) for each parent by 
a least squares method, according to the model 
X. "k = g. + g. + lJ l J s .. + lJ 
[i,j=l,.,.,, ,, ,n ; k= 1 9 ,. ., o o , V ] 
where g. and g. are the 
l J 
gca's of lines i and j, s .. is the specific combining lJ 
ability (s.c.a.) for the cross of the itho and jth .. 
lines, and e .. k is the lJ error 
individual of cross (ix j)o 
component for the ktho 
Considering F 2 means, 
designate as Q. the total for crosses involving the 
l 
parent. Then the least-squares solution gives 
. th ., 
l 
--
A ti I\ 
_g = Q ' 
where A is the least-squares matr1x 
,J'\ 
and g is the column of ten g,,c.aD estimateso It 
follows that 
/\ -1 
g = A ti Q • 
If the average difference between two gtlc ,, aR 
A A 
estimates g. and g. is denoted 
l J 
A A A 
d .. = g. - g. ' lJ l J 
.I'\ 
then the variance of d. . is given by lJ 
.,.. 
v(d .. ) 
- lJ 
V ( g . ) + V ( g . ) - 2 c ov ( g . , g . ) " 
l J l J 
.Application of 
,/\ 
V(d .. ) lJ 
the normal least-squares 
( 
ii . . . . A 2 
= a + a J J - al J) CT e 
V 
theory gives 
' 
where lJ a is th .. th .. e lJ 
28 
-1 
element of A , "2 and (J is the estimated error variance 
e 
as found by the analysis of varianceo 
The procedure of the analysis of variance, for a 
set of n parents withs crosses per parent, has been 
given by Fyfe and Gilbert (1963), and this is set out 
in Table 2,8,, The expressions for the expected mean 
squares are from Curnow (1963)0 In their derivation , 
the assumption was made that all effects are random,, 
Appropriate F-tests may be determined from these 
expected mean squares, and they may also be used in 
the estimation of components of variance, 
II 
i 
:, 
I 
J 
It 
' Ii 
i 
II 
11 
I 
!I 
Ii 
1/ 
; 
I 
I 
I 
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Source DF MS* E[Ms] 
n-1 GCAMS -2 V: 2 s(n-2) (J 2 g.c.a. ere + s + g 
n-1 
s.c.a. n(~ - 1) SCAMS CJ 2 er: 2 e + s 
error m ERMS er 2 e 
total ns 
-
1 
2 
* sums of squares: 
2X2 (1) total of L 2 sum squares a . . x. = i(j lJ lJ. ns 
/\ 2X2 (2) g.c.a. sum of squares = ( Q.g ) - ns 
(J) 
(4) 
s.c.ao sum of squares= total s.s - g.csa. s.s. 
I\ 2 
error mean square= (Te 
V 
1 2 > 2 
= - [ns(v-1) ( '<. k aijxijk V l J, 
where a. lS the (ij)th. element lJ 
-
1 
= X .. 
L 2 X .. ) J a. lJ. i<j lj 
V 
of ·· the A-matrix, 
X .. = ~X. 'k' X .. 
lJo k lJ lJ• V lJ o 
and X = ~ 
i{j 
a .. X .. lJ lJ. 
Table 2.8: analysis of variance table for a partial 
diallel analysis of F 2 material from n 
parental lines (s crosses per line)o 
I 
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the 
For a mean square X based on k degrees of freedom, 
2X2 
variance of Xis estimated unbiasedly by k+ 2 
(Kempthorne, 1957; p.247)~ It is therefore possible 
to specify approximate variances for the estimated 
components of variance, and the expressions for these 
are given in Table 2.9 together with the identity used 
in estimating the heritability in the narrow sense and 
its variance. 
Estimate Variance 
- --
A 2 2 2 I\ 2 
\Jg= s(n=2 ) [GCAMS - SCAMS] 
V(CT) = { n - 1)2 [2(GCAMS) + 4 SCAMS ] 
g s(n-2) - n+l n s-2 +4 
g2 = [ SCAMS - ERMS] 
s 
2 
V (0-2) 4 SCAMS 2 (ERMS) 2 
= n s-2 +4 +-s m+2 
2 /\ 2 \J = v o ( ERM S ) 
e 
v(&2) = 2V2 (ERMS)2 
e m+ 
A 
h2 -
I\ 2 
2 erg 
A 2 
er P 
I\ ~ 
V ( h 2 ) = 
Table 2.9: 
, where 
1'2 
er P 
"2 1\2 1\2 
= 2cr +u +er g s e 
4v(G-- 2 ) g (&.= 2) 2 p 
A 
+ 4(cr2)2 g 
(~2)4 
[ 
A2 /'\2 2 6/\.2 A 
4v(o-) + v(cr) + v(cr )] _ 1 U: . v(cr2) g s e & g 
(&2)3 
p 
expressions for estimating components of variance, and their 
variances, from the mean squares of the partial diallel 
analysis (Table 2.8). 
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CHAPTER J 
EFFECT OF ENVIRONMENT ON MEAN GROWTH RATE 
J.l Review of literature 
(i) heterozygosity and phenotypic stability 
Within both allogamous and autogamous species, 
individual races may exist which show a high level of 
phenotypic stability to particular environmental stresses 
(e.go Shank and Adams, 1960)0 However, at least for 
outbreeding species, it is generally maintained that a 
high degree of buffering is conspicuously a property 
of heterozygotes. 
The 'buffering' referred to may indicate the 
variability shown by a genotype within a single 
environment. The characteristic measured would then 
be the capacity of the genotype to exhibit developmental 
canalisation through its ability to adjust to minor 
environmental fluctuations. When controlled-environment 
conditions are available for experimental work, it is 
more usual to consider buffering in terms of relative 
stability not within a single environment, but over a 
range of environments. 
-~ 
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An example is afforded by the work of Lewis (1955). 
The hybrid was constructed between Lycopersicum 
esculentum and L. pimpinellifolium, with subsequent 
measurement of parental and hybrid growth rates at 
varying levels of light intensity and temperature. 
Lewis found that parental growth rates were both 
affected by variation in these environmental factors, 
but that the hybrid growth rate was not so affected. 
The hybrid was therefore said to be the better 
buffered of the two classes of plant. 
A comparison of the growth rates of parental, F 1 , 
and F 2 Arabidopsis thaliana at different temperatures 
(Griffing and Langridge, 1963) revealed little 
superiority of the heterozygous over the homozygous 
material at temperatures around the optimumo However, 
there was observed a marked increase in the degree of 
heterosis with increasing temperature. The more 
heterozygous material was therefore better buffered 
against environmental stress, in this instance stress 
imposed by high temperaturee 
In a similar study, Langridge (1963) observed the 
effects of various types of environmental stress on 
two races of Arabido.£EiS and their hybrid. As expected, 
there was a marked dependence of the degree of heterosis 
J2 
on temperature, but the only other stress factor causing 
a similar pattern of response was a high concentration 
of mannitol in the growth medium. There was no general 
tendency for the hybrid to be superior to the parents 
under conditions of environmental stress. 
The superior buffering of plants of higher average 
heterozygosity is therefore well-documented for stress 
imposed by high temperature, but the few investigations 
which have involved different classes of stress have 
produced results of a rather inconclusive nature. 
(ii) genotype-environment interactions 
To this point, the discussion has only taken into 
consideration the effect of environment on the mean 
values of populations, and particular emphasis has been 
placed on the relative responses of homozygous and 
heterozygous material. A further aspect of genotypic 
response concerns the type of genotype-environment 
interaction which occurs within a set of individuals 
all of the same expected degree of heterozygosity. 
There is some evidence to suggest that a high level of 
mean phenotypic stability for a set of individuals is 
invariably associated with a low genotype-environment 
interaction effect. 
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Following a series of corn yield trials involving 
a number of top-, single-, and double-crosses, Sprague 
and Federer (1951) estimated components of variance 
attributable to varietal differences and to variety x 
location or variety x year interaction. In general, 
they found that low values for the varietal component 
of variance were associated with small interaction 
effects. 
It has been proposed by Hull and Gowe (1962) that 
significant genotype-environment interaction effects 
are consistently associated with large between-genotype 
difference so In a comparison of half-sib groups of 
poultry in two separate groups of environments, they found 
that interactions with environment were greatest for 
traits with a large between-group genetic variance~ A 
further study was made, comparing the interactions of 
pure strains and strain crosses of poultry with two 
types of environment (Hull et al., 1963)0 Several 
traits were tested in four successive years, but only 
two were affected to any great extent by environment , 
namely body-weight at housing and age at sexual 
maturity. Significant interaction effects were 
observed for these traits alone, and in each case the 
between-group variance and the strain x environment 
interaction effects were greater for the pure strains 
than for the cross strains. 
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Temperature studies with both Arabidopsis (Griffing 
and Langridge, lac.cit.) and Drosophila (Parsons, 1959) 
have shown that homozygous lines exhibit a greater 
genotype x environment interaction than crosses between 
the lines~ 
The references cited therefore suggest that a 
general relationship exists between the variation among 
gen otypes and the magnitude of genotype-environment 
interaction effects. In the present study, these 
effects were measured within three groups of plant 
material, each group being of a different average 
heterozygosity, and for variation in four distinct 
factors of the environmento 
(iii) the uniqueness of stress-responses 
Within any one plant species there may exist a 
number of races which have become genetically 
differentiated as a result of the varying pressures of 
natural selection. Exposure of a race to environmental 
stress will elicit a response which is a function of 
its average genetic constitution, and hence is dependent 
on the types of stress encountered by the race in its 
evolutionary historyo However, if the response shown 
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by a race is explained in this manner, it follows that 
the buffering capacity with respect to a particular 
environmental component must be considered as being 
unique to that component§ It should not be possible 
to predict the effects of other environmental stresses 
from observing the effects of one particular stress, 
provided that no consideration is given to 
correlations which may exist at the physiological 
level. 
There is the alternative possibility, however, 
that a plant's response to stress environment is 
ultimately a function of some characteristic which may 
be called 'vigour', so that plants which are more 
vigorous in the optimum environment do tend to be 
more phenotypically stable when exposed to all classes 
of stress environment. 
A test of these alternatives has been carried 
out by Langridge (1963), using two races of Arabidopsis 
and a set of five stress environments ranging from 
high temperature to a low nutrient concentration in 
the plant growth medium. The data did suggest that, 
of the two races, one had a genotype with a better 
general capacity for phenotypic stability when 
subjected to environmental stress. The present study 
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was of a similar, but more detailed, nature, with the 
growth rates of ten races of Arabidopsis having been 
compared at varying levels of four environmental 
factors. 
(iv) ~binations of sub - optimal env i ronment s 
When environmental conditions may be rigidly 
controlled, as they were in the present study 1 it i s 
instructive to vary single components o.f the 
environment and to observe the effects on pl.ant growth. 
However, this represents a much simplified situation 
compared with that obtaining under natural conditions, 
since the variation between geographic sites or between 
seasons rarely involves only a single factor of the 
environment. 
It was therefore of interest to investigate the 
types of interaction which occur by observing the mean 
growth rates of plants under combinations of stres s 
environments. These environmental regimes have 
previously been described in Section 2.J. In the 
literature, there appear to be few r e ports of s tudie s 
of this type" 
J.2 Results 
The set of parental, F 2 , and double - cross genoty pe s 
which were used as experimental material hav e been 
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specified in Section 2.1~ Reference to Table 2.4 shows 
that a total of fifteen separate trials were carried 
out, involving variation in light intensity, nutrient 
concentration, mannitol concentration, and temperature. 
The complete set of genetic types was grown under each 
environment, and measurements were made of fresh 
weights after fourteen days' growtho 
The resulting fifteen sets of data are summarised 
in Appendix B. A logarithmic transformation has been 
applied to the fresh weights (in mgms.), and the three 
statistics given for each parental race or hybrid are 
(i) 
(ii) 
(iii) 
the sum of the logarithmic fresh weights 
the number of individual measurements 
involved and 
the summed squares of the logo fresh weights. 
The identification numbers correspond to those given 
in Table 2.2. 
3~3 Discussion of Results 
(i) effects of environment on generation means 
A. heterosis within single environments 
Consider firstly the results obtained from growing 
the ten parental races, fifteen F 2 crosses 9 and fifteen 
double-crosses at three different temperatures~ The 
procedure of Finlay and Wilkinson (1963) will be 
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followed, in that the overall unweighted mean of the 
forty genotypes will be taken as a quantitative measure 
of the environment for any one trialo Then the 
regression of parental means on these overall trial 
means gives a relative measure of phenotypic stability 
for the parental generation, and similarly for the F 2 
and double-cross generations. 
This procedure may also be carried out to determine 
the stabilities with respect to variation in light 
intensity, mannitol concentration, and nutrient 
concentratione 
The complete set of unweighted means and their 
standard errors for the nine trials are given in 
Table J.l, together with the regression values and their 
standard errors. From Figures J.1 to J.4, in which 
these results are depicted graphically, there is seen 
to be a direct relationship between the degree of 
heterozygosity and mean growth rate in any environment~ 
In all cases, except where a medium nutrient stress 
vas applied, the mean growth rate declined from the 
F 1 x F 1 group to the F 2 group, to the parental group. 
This result was previously obtained by Griffing and 
Langridge (1963) for gro, th of parental 1 F 1 , and F 2 
Arabidopsis over a range of temperatureso 
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Environmental level 
Environmental Medium High 
variable Generation Optimum 
stress stress 
parent + 1 .. 533-~ 006 + 1 0214 - .. 016 + 0519- ,, 066 
Temperature F2 1.600!,.005 
+ 1.390-9 007 "765!.016 
F 1 x Fl 
+ 1.627- .. 008 + 1.499- .. 012 + lol51-.0JO 
parent + 10533-.006 + 1.,349-., 005 + 0960 - .. 006 
Light 
F2 1 .. 600!"005 1.,399! .. 004 10044! 0005 intensity 
+ + + F 1 x Fl 1 .. 627- .. 008 1.,427-,, 007 1.211-., 010 
parent + 1.533-0 006 + 1 0258-. 010 + 1.010-0 021. 
Manni tol 
1.600!.005 + 1 0129!,, 006 concentration F2 1.290-0005 
+ + + 
F 1 x Fl 1"627 - .008 
1. 340- .. 006 1.,286- 0008 
parent + 1.533-.006 + 1.284-0 004 + ., 997-0 011 
Nutrient F2 1.,600!.005 + 1 .. 051!" 004 1.317-,, 003 
concentration + + + F 1 x Fl 1,,627-.008 1 " 301-" 005 lo083-o005 
Regressions 
Parent F2 F 1 x F 1 
Temperature 1.346!. 0055 + 1.128- .. 031 + 0641 -,,005 
Light + + + 
intensity lol39-o085 1.099-0 032 .808 - .089 
Mannitol 1.164!.195 + 0814! .147 
concentration 1.077- .. 017 
Nutrient 0984!0 081 + 1.,001!"077 
concentration 1.010-.,024 
Table J.l: unweighted generation means, and regressions 
of generation means on overal l means 1 for the 
set of nine trials. 
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In order to estimate the actual degree of 
heterozygosity of the double-cross material, consider 
the situation if the ten parental races were assumed to 
each possess a different allele at a particular locus~ 
The average degree of heterozygosity of the (F1 x F 1 ) 
set of plants would then be O o9 eog o 75 per cent of the 
plants from the double-cross (cT)(LU) x (RLD)(CT) would 
be heterozygous for the locus, and similar predictions 
could be made for the remaining fourteen double-crosses 
as set out in Table 2Q2 o The corresponding value for 
the F 2 generation would be O o5 9 for this extreme case 
in which each parent is assumed to possess a different 
alleleo 
Theoretical. expectations for the average degrees 
of heterozygosity in various classes of double - cross 
population have been determined by Pederson (1966) 0 
For variation at a single locus , it was s hown that the 
relative degrees of heterozygosity of F 2 and double-
cross populations are independent of the distribution 
of alleles among the parental lines o By an application 
of this principle to the present situation 9 it may be 
stated with a fair degree of certainty that the 
relative degrees of h e terozy go s ity of the double - cross, 
F 2 , and parental sets of plants are O o9 9 Oo5 9 and 0 
respectivelyo 
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The approximate intermediacy of the F 2 mean in 
each trial therefore suggests the existence of a linear 
relationship between growth rate and degree of 
heterozygosityo 
B. phenotypic stability in a range of environments~ 
Referring again to Figures Jal to J~J, there is 
seen to be a marked dependence of the degree of 
heterosis, or heterozygote superiority, on the 
environmental conditions. As had been expected, all 
generations showed a decrease in mean growth rate as a 
result of raising the temperature above the optimum, 
lowering the light intensity, or increasing the 
concentration of mannitol in the growth mediumB 
However, not all generations of plants were affected 
to the same extento In particular, the more 
heterozygous generations were less affected so that 
the degree of heterosis increased with increasing 
severity of the stress conditionso 
The regression values in Table J a l serve to 
objectify this result 1 although it should be noted 
that the standard errors are of a relatively high 
magnitudeo Nevertheless 9 there is the general result 
that the phenotypic stability of a generation of plants 
is in direct proportion to its degree of heterozygosity, 
at least for stress imposed by high temperature, low 
light intensity, or high mannitol concentration. 
This result could well be attributed to some scale 
effect were it not for the unique outcome of the 
nutrient trial. A general lowering of growth rate was 
again produced, in this case by a lowering of the 
concentration of nutrients in the growth medium 9 but 
there was observed no differential effect on homozygous 
and heterozygous material (Figure J.4). This result 
is reflected in the constancy of the nutrient-trial 
regression values, as shown in Table J.l. 
Reference will now be made to the analysis of 
variance table, Table 2.6. In the present case, the 
number of generations (n) was J, and there were J levels 
for each of the four environmental factors tested ioe. 
m=J. In addition, N1 =10 and N2 = NJ= 15, corresponding 
to the 10 parental races and 15 F 2-and (F1 x F 1 )-crosses 
which were tested. 
The values which were obtained for the mean squares 
and estimated components of variance are set out in 
Table J.2. Using approximate variance ratio tests 
derived from the expected mean squares of Table 2.6, 
it is found that the between-generations mean square 
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and the interaction mean square are significant at the 
0.1 per cent level for all but the nutrient treatment. 
For this last case, the interaction between generations 
and environments is significant only at the 1 per cent 
level. 
Estimates are given in Table J.2 for the 
generation, generation x environment, and error 
components of variance as only these are of direct 
interest. The proportions of total variance attributable 
to these components are relatively constant for the 
temperature, light intensity, and mannitol concentration 
trials. For the nutrient trial, however, a major part 
of the total variance may be attributed to error, and 
this again demonstrates the distinction between this 
and the remaining three trials. 
(ii) interactions of genotype and environment 
In the previous section, interactions with 
environment were considered at the generation level, 
and it was found that the average phenotypic stability 
of a generation of plants is directly related to its 
mean level of heterozygosity. A regression technique 
was used in the estimation of relative stabilities, 
rather than the alternative method outlined in 
Mean square 
Generations 
Environments 
Genotypes 
Generation 
environment 
Genotype X 
environment 
Variance 
component 
Generations 
X 
Generation X 
environment 
Error 
Sum 
remperature 
1.0455 
5.9184 
.0267 
.2530 
.0050 
~0255 
28.0 
.0186 
20.5 
.0468 
51.5 
.0909 
42a 
Environmental factor 
Ligh·t Mannitol Nutrient 
Intensity concentration concentration 
.1841 .2110 .0426 
2.6170 1.9673 2.9490 
.0073 .0076 ,, 0042 
.0357 .0389 .0060 
.0021 .0020 .0014 
.0044 00051 00010 
28.6 26o4 1206 
.0025 00028 .0004 
16. 3 14.3 4o7 
.0085 .. 0114 ,,0062 
55.1 59.3 82.7 
.0154 .0193 00076 
-
Table 3.2: mean squares and estimated components of 
variance obtained from two-way analyses of 
variance (with nesting within generations). 
Components of variance are given as both 
absolute values and as percentages of the 
total variance. 
Section 2.5. With this latter method, a one-way analysis 
of variance is carried out for each genetic type, and 
the macro-environmental component of variance is then 
taken as a measure of phenotypic stability. The 
complete set of such values were estimated for the forty 
genetic types and four environmental components 
included in the present study, and these are set out 
in Table J.J. 
When the phenotypic stabilities of the individual 
races and crosses are plotted against their overall 
means (Figures 3.5 to J.8), there is brought to light 
a further aspect of the interaction between genotype 
and environment. The double-crosses are seen to 
consistently form a homogeneous group with respect to 
both overall mean and phenotypic stability, while, at 
the other extreme, the parental values are scattered 
over a wide range. This result suggests that the 
double-crosses are more uniform as a group than the 
other generations of plants. 
The two-way analysis of variance described in 
Section 2.5 may be used in a further investigation of 
the results. A separate analysis was carried out for 
each generation of plants and each environmental 
4Ja 
' Environmental component 
Genera- 1t· ht Mannitol ~utrie;g.t 
tion Number Temperature In ~flsity Concen rn .. oncen rn o 
-1 .446 .099 .080 .. 084 
2 .054 .076 oOJO ,. 025 
3 .241 . 076 .048 .. 037 
.4 .175 .052 o0J7 00 2 9 
5 .224 .067 0106 .. 0 7 9 
Parent 6 .097 .. 059 .071 ., 080 
7 .288 .128 0173 .086 
8 .120 .076 0046 00 7 4 
9 .203 .055 .. 048 005 2 
10 .302 .166 allO o0 8 J 
11 .157 .078 .069 .. 089 
12 .209 .106 0080 .088 
13 .277 .116 .058 olOO 
14 .183 .. 066 0066 .. 0 8 1 
15 .134 .079 0059 .. 0 64 
16 .228 .103 0046 00 84 
17 .204 .. 085 .,051 ., 0 65 
F2 18 .178 .102 0050 . 064 
19 .162 .103 .. 068 .. 089 
20 
.153 .050 .. 046 0 042 
21 .229 .054 .. 049 . 0 6 4 
22 .187 .057 .. 052 ., 0 54 
23 .169 .082 .039 ,, 0 75 
24 .182 .060 .077 ,, 0 8 
25 .164 .067 ., 068 ,, 0 65 
26 .074 .042 . 02 7 ,, 0 79 
27 .094 .048 .02 2 .052 
28 .163 .. 025 .,02 4 . 0 53 
29 .032 .OJ8 .030 . 0 73 
JO .072 .026 .. 018 00 55 
31 .072 .032 .. 040 00 78 
32 .076 .035 .. 045 .. 0 95 
F 1 x F 1 33 .036 .. 046 ., 046 00 7 0 34 .044 .060 ., 026 00 66 
35 .031 .037 • 041 ?0 67 
36 .031 .057 ., 041 0080 
37 .053 .053 ~0 46 9089 
JS .032 .058 .. 0 41 .104 
39 .039 .052 .,0 27 ., 0 74 
40 .039 
---
.050 .. 03 2 . 0 88 
Table J.J: phenotypic stabilities for the p a r en ts, F 2s, 
and double-crosses under four classes of 
environmental stress. Stabiliti es were 
measured as between-environm ent s c omp onents 
of variance. 
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component to give the values for the mean squares 
presented in Table J.4. Appropriate values for the 
variance ratio (F) are also given~ 
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For the set of double-cross hybrids, the interaction 
mean $quare is not significantly greater than zero for 
variation in temperature, light intensity, and nutrient 
concentration, and is significant only at the 5 per cent 
leyel for the mannitol treatment. It is therefore 
apparent that the double-crosses genera~ly form a 
homogeneous set with respect to phenotypic stability. 
It would be concluded from the F-tests that a high 
genotype x environment interaction effect is commop to 
tpe F 2 and parental generations. To investigate this 
point in more detail, the expected mean squar~s of 
Table 2.7 haye beep used to estimate components of 
vari~nce attributable to genotypic effects, genotype 
x environment interaction, and error effects. The 
values obtained from these components, as set out in 
Table 3.5 reveal that the proportion of the total 
variation attributable to genotype-environment 
interaction in fact decreases with increase in 
heterozygosity. 
A result of this type is perhaps not unexpected 
when consideration is given to the heterogeneity 
existing within the three generations. The parental 
races form a more heterogeneous group than the F 2 -
44a 
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Environmental 
component Generation Source DF MS F 
Environments 2 2.686 568.0*** 
Parent Genotypes 9 .032 6.7*** 
G X E 18 ~ 008 106* 
Error 448 00047 
Environments 2 2.826 1795°9*** 
Genotypes 14 0018 ll oJ*** 
Temperature F2 G X E 28 ~OOJ 2.1** * 
Error 1268 00015 
Environments 2 0912 161 09*** 
F1x F1 
Genotypes 14 oOJJ 5.8*** 
G X E 28 . 005 . 9 NE 
Error J88 .0056 
Environments 2 ?864 1987.6*** 
Parent Genotypes 9 0014 JJ~6*** G X E 18 .004 9 . 8*** 
Error 517 00004 
Environments 2 lol86 J79Jo5*** 
Light 
F2 
Genotypes 14 . 005 17.J*** 
intensity 
. G X E 28 ,002 5 °5*** 
Error 124J oOOOJ 
Environments 2 , 649 594.6*** 
Genotypes 14 0005 4 , 2*** 
F 1x Fl G X E 28 .,001 l oO NS 
Error J80 .,0011 
(continued on next pag e) 
Lt.Lt-a 
------------ ------ - --------------
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Environmental Generation Source DF MS F 
component 
Envir onment s 2 .6 85 353.l*** 
Parent Genotypes 9 .016 8.4*** G X E 18 .005 2.5*** 
Error 360 .0019 
Environments 2 .856 211900*** 
Manni tol Genotypes 14 .006 14.6*** 
concentration F2 G X E 28 . 001 2.6*** 
Error 1228 . 00 OL~ 
--
1--
Environments 2 .504 620.7*** 
Fl x Fl 
Genotypes 14 .004 4.7*** 
G X E 28 .001 1.5* 
Error 376 .0008 
Environments 2 .718 1101.4*** 
Parent Genotypes 9 .008 l2 o7*** G X E 18 .003 4.3*** 
Error 459 .0007 
Hu.trient Environments 2 1 . 129 5003 ~9*** 
concentration F2 
Genotypes 1 L~ .003 11.3*** 
Table 3.4: 
G X E 28 .001 5. 2-*** 
Error 1152 . 0002 
Environments 2 1.114 1798 .l*** 
F 1 x F 1 
Genotypes 14 . 003 5-3*** 
G X E 28 ~001 
Error 363 . 0006 
mean squares for genotypic, environmental, 
and genotype x environment effects, from a 
two-way analysis of variance with unequal 
numbers in subclasses. 
1.1 
( * , **, *** = significant at 5, 1 and o 1<;~ level 
respectively). 
NS= not signif'icant. 
NS 
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Environmental Component of Variance Generation ·-
component /\ 2 A2 /\ 2 
(f g er gt <::re /\ 2 
<J T 
1% of "2 % of &-2 % of "' 2 Cf T T <'.T T 
,.00894 .00281 .04326 .05501 
Parent 16.3 5.1 78.6 
.00543 .00176 . 04586 .. 05305 
Temperature F2 10.2 3 .. 3 86 .. 4 
.00897 0 .05395 .06292 F 1 x Fl 14.3 0 85 .. 7 
Faren t .00468 .00380 .00627 .. 01475 
31.7 25.8 42.5 
-Light 
F2 
.00170 .00140 .. 00892 .. 01202 
intensity 14.1 11.6 74 .. 2 
F 1 x Fl 
.00117 0 .. 01023 ,,01140 
10.3 0 89 . 7 
Parent .00479 .00298 .. 01551 .. 02328 
20.6 12.8 66,, 6 
·-
Mannit ol 
F2 
.00183 .00063 .01138 001384 
concentration 13.2 4.6 82o2 
.00100 .00041 .00752 ,,00893 F 1 x Fl 11 .. 2 4.6 8492 
Parent .00254 .00217 ,,00778 ()01249 
20.3 17 .. 4 62() 3 
·-Nutrient 
.00078 .00094 ,,00580 ., 00752 
concentration F2 10 .. 4 12.5 77ol 
F 1 x Fl 
.00089 .00006 .. 00552 ,,00647 
13.8 0.9 85§3 
Table J.5: components of variance estimated from the 
mean squares of Table 3.4 .. Figures are 
given for both the absolute and 
proportionate magnitudes of components .. 
hybrids, since the latter are the result of cross-
fertilisation within a finite population. The 
individual F 2
1 s, being more genetically alike, are 
thus expected to be relatively more alike than the 
parental races in their mean growth responses. A 
similar relationship is to be expected between the F 2 
and double-cross generations. 
The component of variance attributable to 
genotypes is a pooled measure of the variation within 
single environments. From Table 3.5, it may be noted 
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that this component does not have a constant value for 
the three generations of plants, but is greatest for 
the most homozygous material. Again, this is as would 
be expected from the effects of heterogeneitye 
(iii) dependen~ of homeostatic responses on 
the type of stress 
A. phenotypic stabilities of the races: 
In the previous section, values were given for the 
phenotypic stabilities of the ten races and the hybrid 
material under a series of environmental stresses 
(Table J.J). There was seen to be a marked between-
genotype variation in degree of homeostasis, this being 
so for each of the environmental components testedo 
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When the ten races are ranked in order of phenotypic 
stability (Table J.6), there is seen to be a general 
tendency for races to be ranked high or low, regardless 
of the nature of the environmental stress. For 
example, races BS and GR generally rank high in their 
degree of phenotypic stability, while races RLD and TU 
are generally the least stable of the ten races. 
For a genotype exposed to environmental stress, it 
is most logical to assume that the nature of its 
response is a function of the degree of adaptedness to 
the particular stress. It is therefore difficult to 
explain why races were either consistently well - adapted 
or consistently poorly-adapted, regardless of the type 
of stress imposed. There seems to be little reason for 
assuming that some races have had a past history of 
severe stress, while other races have had little 
experience of unfavourable conditionso 
It may be that the general stability of a genotype 
is directly related to some measurable physical 
characteristic. With one exception there is found to 
be a negative correlation between phenotypic stability 
and the mean logarithmic fresh weight for growth 
under optimum conditions when the complete set of 
Environmental Race 
component BD BS CT GR LU MT RLD TA TS 
-
Temperature 10 1 7 4 6 2 8 J 5 
Light 
intensity 8 6 7 1 4 J 9 5 2 
Manni tol 
concentration 7 1 4 2 8 6 10 J 5 
Nutrient 
concentration 9 1 J 2 6 7 10 5 4 
Table J.6: rank orders of the ten parental races 
according to the magnitude of the 
phenotypic stability index ( 6-! ) o 
46a 
TU 
9 
10 
9 
8 
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genotypes and environmental components are considered. 
Although the values for the correlation (Table J.7) are 
consistently positive, it must be remembered that the 
least stable genotypes are those with the highest value 
for the phenotypic stability index, The tests for 
significance of the correlations are not exact, since 
they were carried out without regard to the inherent 
variation in the optimum growth means and the measures 
of phenotypic stability. Nevertheless, there remains 
an apparent real tendency for the genotypes with the 
highest growth rates under optimum conditions to be 
the most affected by the application of stress, 
particularly for stress imposed by a low concentration 
of nutrients or a high concentration of mannitol in 
the growth medium. 
It may be noted that an association of this type 
would be expected if the variation between genotypes 
decreased with increasing severity of the environmental 
stress, and the genotype-environment interaction effects 
were of a small magnitude. In this situation, the 
genotypes with the highest optimum growth rates would 
naturally be the most affected by stress conditions, 
since this effect is measured as the between-environment 
Environmental Generation 
component Parent F2 F 1x F 1 
-
Temperature .24 .35 -,,52* 
Light 
intensity .40 .. 48 .49 
Manni tol 
concentration .. 28 •55* ,,80*** 
Nutrient 
concentration . 71* ·93*** .. 91*** 
Table~: correlations between phenotypic stability 
indices and growth rates under optimum 
conditions(*, ***=significant at 5 
per cent, 0.1 per cent level respectively). 
component of variance. Although the results are not 
conclusive, the between-genotype variance for each 
gener~tion did tend to de.crease in magnitude with 
increasing severity of the mannitol- and nutrient-
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stresses (Table J.8). The estimates of variance were 
obtained from one-way analyses of variance assuming 
random genotypic effects. 
There was a tendency for the genotypic variance 
to increase in magnitude with increasing temperature, 
particularly for the more heterozygous material~ It is 
significant that the correlations between optimum growth 
rate and phenotypic stability are of a lower magnitude 
for the temperature treatment than for the other three 
treatments. 
Since plants were weighed after only fourteen days' 
growth, seed reserves may have played an important part 
in determining the nature of growth responseso To 
investigate the association between seed weight and 
phenotypic stability, seed weights of the ten races 
were determined in two independent weighings of two-
hundred seeds each. The mean values, and their 
standard errors, are given in Table J o9 o 
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Generation 
Environmental Level of 
-Parent F2 F 1 x F 1 component stress 
optimum .0067 .0027 "0023 
Temperature medium .0227 ,,0132 . 0102 
high .0038 .. 0039 00130 
Light optimum . 0067 . 0027 ., 0023 
medium .0047 .0012 0 intensity high .0110 .0040 . 0013 
-
Mannitol optimum .0067 .0027 00023 
medium ,,0014 .0017 ,,0004 
cone en tration high ~0088 .0023 00011 
Nutrient optimum .0067 00027 ., 0023 
concentration medium .0025 . 0009 ,, 0004 high .. 0018 ,, 0005 ., 0001 
Table J .. 8: 
·-
components of variance attributable to 
genotypic differences, obtained from one -
way analyses of varianceo Random genoty pic 
effects were assumed. 
Mean seed weight 
Race 
X 10-5) Rank (gms. 
·-
·-
BD + 2.22-.02 8 
BS + 2 .. 52- .. 03 4 
CT + 2.73-.08 1 
GR + 2.19- .. 05 9 
LU 2.45:!:.03 5 
MT + 2 .. 39- .. 02 6 
RLD + 1 .. 93- .. 01 10 
TA + 2.56- .. 01 3 
TS + 2.57-.01 2 
TU + 2 .. 25- .. 01 7 
Table J.9: mean seed weights of the ten 
parent races, estimated from two 
independent weighings of two-
hundred seeds each~ 
48b 
49 
Although race RLD, which was generally the least 
stable of the ten races, also had the lowest mean seed 
weight, this is the only indication of any significant 
association between these characteristics. Values for 
the rank correlation between seed weight and phenotypic 
stability are 0.35, 0.22, 0.45, and 0.55 for the 
temperature, light intensity, mannitol, and nutrient 
trials respectively. The value for significance at 
the 5 per cent level is 0.61, so that none of the rank 
correlations is significant at this level. 
B. genetic analysis of phenotypic stability: 
From a partial diallel analysis of the F 2 data for 
phenotypic stability, estimates were made of the general 
combining ability of each race for this character. A 
separate analysis was performed for each of the four 
classes of environmental stress. I -Following Scheffe 
(1959), analyses were performed on the metric 
log10 (1006-!), where&-! is the component of variance 
used as a measure of phenotypic stabilityo 
The general combining ability estimates thus 
obtained are set out in Table JolO, together with the 
ranking of each estimate in the set of teno It is 
again observed that some races, in particular GR and LU, 
49a 
Race 
Environmental 
component BD BS CT GR LU MT RLD TA TS 
Temperature .686 .580 .722 .637 .540 .,718 .. 549 .513 ,,645 
7 4 9 5 2 8 3 1 6 
Light 
.533 .464 .599 .338 .352 .378 . 408 ,,392 ,, 444 
intensity 8 7 10 1 2 3 5 4 6 
Mannitol .446 .. 396 .365 .282 .343 .. 427 .362 .. 440 . 455 
concentration 9 6 5 2 3 7 4 8 10 
Nutrient .496 .429 .471 .296 .344 .481 . 361 ., 454 .. 448 
concentration 9 4 7 1 2 8 3 6 5 
Table J.10: estimates of general combining ability for 
each of the ten parent races, for the 
character 'phenotypic stability' as 
measured by log10 ( 100 a-!)" 
The rank order is given for each set of 
ten estimates .. 
TU 
. 741 
10 
.548 
9 
" 278 
1 
~511 
10 
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generally rank high in the magnitudes of their general 
combining ability effects, while other races generally 
rank low. Races BD and TU are in the latter categoryo 
In the analyses of variance, the results of which 
are summarised in Table J.11, estimates of error were 
not obtained since these would have required replication 
of the experiments in time. It is therefore possible 
to test only the significance of general combining 
ability effects, and these are significant in three 
of the four cases. For stress imposed by high 
temperature, the variance ratio is marginally less 
than the value for significance at the 5 per cent level o 
It may be concluded that artificial selection for 
high or low phenotypic stability would produce genetic 
advance, in a population of which the F 2
1 s are 
representative, under each of the four classes of 
environmental stress. 
(iv) combinations of sub-optimal environments 
0 An increase of the agar temperature to 29 C, the 
'medium' level of temperature stress, caused a marked 
increase in heterozygote advantage (Figure Jol). 
However, only for the 'high' stress levels were similar 
effects produced for the variables light intensity and 
Environmental 
component 
Temperature 
Light 
intensity 
Mannitol 
concentration 
Nutrient 
concentration 
Table J.11: 
50a 
g • C. a. s.c .. a. vari~nce=F( 9 5 ) mean square mean square ratio ' 
.009014 .002097 4.JO N., S. 
.021014 .001507 1Jo94 ** 
.012170 .001748 6 .. 96 * 
,,' 0149 53 .000796 18.77 ** 
results from partial diallel analyses of 
variance for the character 'phenotypic 
stability' • The variance ratios test for 
significance of general combining ability 
(g.c.a.) effects. 
(N.S. = not significant; *and**= 
significant at the 5 per cent and 1 per 
cent levels respectively)., 
mannitol concentration (Figures 3.2 and 3o3)~ As a 
result, the combination of medium stress levels in 
pairs provided less information than if these medium 
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levels had all produced significant effects when tested 
singly. It was impractical to combine higher stress 
levels because of the severe impairment of plant growth 
which would have resulted. 
For the temperature-light intensity combination, 
0 the plants were grown at a temperature of 29 C and a 
light intensity of 900 f.c. The unweighted means for 
the double-cross, F 2 , and parent generations were 
1.2082, 1.1338 and 0.8867 log10mgms. respectivelyo The 
overall unweighte~ mean was 1.1112 log10mgmsa 
Comparisons may be made between the three generations 
to determine the effect of heterozygosity on plant 
performance. For the temperature-light intensity trial, 
the values obtained for the (double-cross - F 2 ), (F 2 
parent), and (double-cross - parent) differences are 
.0744, .2471, and .3215 respectively. So that these 
results may be compared with those of different trials, 
they are conveniently expressed as proportions of the 
overall trial mean, giving the values 0067 1 .222, and 
. 289 . These figures are set out in Table 3012, 
Environmental components 
at medium stress level 
Temperature and light 
intensity 
Temperature 
Light intensity 
.067 
.079 
.020 
F -P 2 
.222 
.127 
.,036 
0289 
.. 206 
. 056 
51a 
------++---------+-----+------------1 
Temperature and mannitol 
concentration 
Temperature 
Mannitol concentration 
Temperature and nutrient 
cone ent rat ion 
Temperature 
Nutrient concentration 
Light intensity and 
mannitol concentration 
Light intensity 
Mannitol concentration 
0025 
.079 
.039 
• 211 
.079 
-.012 
.029 
ol27 
.025 
.168 
.127 
0025 
.047 
.020 .036 
.039 .025 
.219 
.,206 
0064 
.378 
. 206 
.. 013 
______ , ____________________________ _ 
Light intensity and 
nutrient concentration 
Light intensity 
Nutrient concentration 
Mannitol concentration 
and 
nutrient concentration 
Mannitol concentration 
Nutrient concentration 
.033 .074 
.020 
-.012 
.022 
.039 
-.012 
.. 036 
.025 
.,030 
.025 
.025 
"064 
.. 013 
Table J.12: differences in mean :(log10mgms " ) between 
the double-cross, F 2 , and parental 
generations, expressed as proportions of 
the overall trial mean for each separate 
trial. 
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together with the corresponding values for the medium 
temperature- stress and medium light intensity-stress 
trials. 
In this case, it would appear that high 
temperature has the dominant effect on plant growth 9 
since the results for the temperature trial are similar 
to those for the trial combining the temperature and 
light intensity stresses. In fact, reference to Table 
J.12 reveals that this is a general result for the 
trials combining the medium temperature stress with 
the medium stress level for one other environmental 
component. It may therefore be concluded that, in each 
case, the increase of heterozygote advantage with 
increasing temperature has occurred notwithstanding the 
additional limitations imposed on plant growtho 
These results may be compared with those obtained 
from the combination trials involving a reduction in 
nutrient concentration as one of the environmental 
stresses. In each case, it would appear that the 
accompanying stress has had its effect regardless of 
the nutrient concentration. 
J.4 Conclusions 
The heterozygote superiority which was observed 
und e r all environmental regimes was not unexpected? as 
a similar phenomenon has been observed for a great 
number of plant and animal characters. A sufficient 
explanation may be given in terms of the dominance 
effects of single loci (e.g. Falconer, 1960 ; po257). 
53 
The explanation of temperature-dependent heterosis 
proposed by Langridge (1962) also rests on the 
occurrence of dominance effects rather than the over-
dominance of single loci. It is assumed that 
temperature-sensitive alleles occur at many loci, but 
that in hybrids their effects are not manifest due to 
the presence of less sensitive, dominant alleleso In 
the present study, an increase in temperature produced 
an increased heterozygote superiority both in the 
presence and absence of other environmental stresses. 
The effects of high temperature stress must therefore 
be given primary consideration in explanations of 
heterosis phenomena. 
Of the remaining three classes of environmental 
stress, a lowering of the light intensity and an 
increase in the mannitol concentration produced 
significant increases in the degree of heterosis, 
although there were marked effects only for the high 
levels of stress. Lewis (1955) has observed a similar 
effect of low light intensity on the growth of tomato 
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inbreds and hybrids, so that this may well be a general 
phenomenon for autogamous plants. However, there is 
very little likelihood that low light intensities will 
limit the growth of plants in the field. It is far 
more likely that moisture stress will be a determining 
factor, so that the effect of adding mannitol to the 
growth medium is of far greater significance from a 
practical point of view. 
For each class of environmental stress, a 
considerable variation in phenotypic stability was 
observed within the set of parental genotypes ~ In 
addition, diallel analyses of F 2 data revealed 
significant general combining ability effects for 
phenotypic stability, so that genetic variation may 
be assumed to exist for this character~ The increase 
in heterozygote superiority produced by the light 
intensity- and mannitol-stresses may be explained by 
making a similar assumption to that of Langridge for 
the effects of high temperature, namely that the 
environmentally stable elleles exhibit an increasing 
dominance with an increasing degree of stresso 
Alternatively, an increased heterozygote superiority 
is expected if the loci involved show either partial 
or complete dominance of the stable alleles, and their 
proportionate effects increase with increasing stresso 
I 
By way of contrast, a lowering of the nutrient 
concentration produced no differential effect on the 
growth of homozygous and heterozygous plants, either 
in the presence or absence of other types of stress. 
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It must therefore be assumed that the alleles 
conferring either stability or instability are additive 
in their effects, regardless of the degree of stress. 
An inverse relationship was generally observed to 
exist between the degree of heterozygosity and both 
genotypic variation and genotype-environment interaction. 
A similar result has been obtained by Sprague and 
Federer (1951) for corn, by Hull and Gowe (1962) for 
chickens, by Griffing and Langridge (1963) for 
Arabidopsis, and by Parsons (1959) for Drosophila o A 
wide range of organisms and types of stress are 
represented within this set. 
Consider, then, the general situation of a number 
of similar populations each subdivided into several 
groups. The available evidence, from work with both 
plant and animal material, would indicate that between-
group variances are proportionately related to group-
environment interaction effects. In particular, hybrid 
groups resulting from intercrossing within an originally 
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inbred population are likely to exhibit lower between-
group variation, and a less significant group-
environment interaction effect than the parentso This 
result would be expected regardless of the nature of 
the single-locus gene action, whether predominantly 
additive or non-additive. The phenomenon is therefore 
unrelated to that of stress-dependent heterosis~ 
From the statement of the previous paragraph, it 
follows that the greater the average heterozygosity of 
a number of similarly-derived groups, the fewer are 
the number of environments required to fully assess 
their relative genetic potentials. This factor would 
be an advantage in any programme aimed at selecting the 
genetically superior individuals from a population, 
particularly where the environmental conditions were 
widely varying. 
The results of Griffing and Langridge (1963) 
indicate that the degree of heterosis and the average 
phenotypic stability shown by the double-cross material 
in the present study were comparable to the values 
expected for single-cross hybridsd It must be 
remembered that plants were grown singly, so that the 
characteristic measured as 'phenotypic stability ' 
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was the capacity for 'individual buffering' (Allard and 
Bradshaw, 1964). However, a double-cross is a mixture 
of genotypes, and is therefore capable of exhibiting 
'populational buffering' when grown in bulko This 
additional factor may result in an increased stability 
of double-crosses, as compared with that for single-
cross material, of the type observed by Jones (1958)0 
The factors noted in the preceding two paragraphs 
indicate tbat double-cross material should be suitable 
for commercial use regardless of the nature of the 
breeding system. The chief difficulty, for an 
autogamous species, would appear to be the production 
of sufficient hybrid seed. 
It was noted in Section 2.J that a wide range of 
morphological symptoms were produced by the different 
stresses, and it is therefore unlikely that their 
effects had similar physiological baseso Nevertheless, 
the results for growth of the parent races, and the 
diallel analyses of F 2 phenotypic stability, lead to 
the conclusion that good or poor phenotypic stability 
is a general characteristic of a genotypea The possible 
reasons for this observed phenomenon must, at the 
moment, remain unknown. 
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CHAPTER 4 
EFFECT OF ENVIRONMENT ON GENETIC PARAMETERS 
4.1 Review of literature 
(i) combining ability effects 
In carrying out a genetic analysis on a population, 
it is common practice to partition the total variation 
into genetic and non-genetic components, and then to 
further partition the genetic variation into components 
attributablB to general and specific combining ability 
effects. Griffing (1956) has shown that general 
combining ability effects are a function of within-
locus additivity, while specific combining ability 
effects are due to dominance and epistasis. 
The biochemical and genetical study of micro-
organisms has proceeded to the point where regulatory 
mechanisms can be postulated to explain every facet 
of differentiation and development~ In the final 
analysis, each of these regulatory mechanisms may be 
considered as the sum of a number of chemical proc e sse s, 
themselves dependent on the nature of both the internal 
and external environment. It is therefore not unexpected 
that the results of a genetic analysis, when carried out 
at the level of the individual, are found to vary 
depending on the environmental conditions prevailing 
during measurement. 
Griffing and Langridge (1963) grew a set of 
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Arabidopsis F 2-hybrids at a range of temperatures, and 
found that general combining ability effects were not 
significant at temperatures around the optimum but 
were highly significant at high and low temperatures. 
By way of contrast, specific combining ability effects 
were not significant at low temperatures but were 
highly significant at the optimum and higher 
temperatures. 
A study of a similar nature has been carried out 
by Thurling (1966), using hybrids within two separate 
sets of races of Cardamine sp. The parent plants were 
from populations within which self-pollination was 
the normal breeding system. Measurements of dry weight 
0 
were made for plants grown at temperatures of 21 C and 
J0°C, and genetic analyses were perfonned on the 
logarithmically-transformed dry weights. Although 
additive genetic effects were found to be generally 
non-significant, specific combining ability effects 
were present to a significant degree under both 
environments. For each of the two sets of races, the 
proportion of the total variance attributable to non-
additive effects was greater for growth at the higher 
temperature. The general observation was made that 
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the degree of heterozygote superiority was also greater 
at the higher temperature, and that there was a tendency 
for the heritability to decline with increase in 
temperature above the optimum. 
A number of races of Cardamine were also grown at 
three light intensities (Thurling, locacit). The races 
were divided into three groups according to their 
geographic source, and a diallel analysis of the data 
showed that additive effects were generally non-
significant. Although specific combining ability effects 
were significant for only one group of races at the 
optimum light intensity, under the least favourable 
conditions of the lowest light intensity there were 
highly significant specific combining ability effects 
within each of the three groups. There was also 
observed a tendency for the heritability to decline 
with decreasing light intensityo 
The available evidence from the growth of plants 
under stress and non-stress environmental conditions 
therefore indicates that gene action varies markedly 
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with the environment. In particular, it would appear 
that non-additive genetic effects are more likely to 
be significant under conditions of environmental stress 
than when conditions are more favourable for plant 
growth. Variation of this nature would be of particular 
significance in a situation where it was required to 
specify the most efficient selection method for a group 
of individuals. 
Generally, the methods of selection are considered 
to occur in two main categories. In the first group 
there are the methods which exploit the additive 
genetic variance of a single line or population, and of 
this group mass selection and family selection are two 
well-known representatives. The expected rate of 
genetic gain depends on the proportion of the total 
phenotypic variance in the base population which is 
attributable to additive genetic effects, or the 
'heritability' as it is termed. 
Selection schemes of the second group, which aim 
at the improvement of lines or populations in hybrid 
combination, are usually more complex in nature. 
are most usefully applied to naturally cross-
fertilising organisms, in particular where the 
They 
heritability is of a low magnitudeo Among the 
representatives of this group are the schemes known 
as 'recurrent' selection and 'reciprocal recurrent' 
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selection. The methods of this second group are perhaps 
more universally useful, as they may make use of both 
general and specific combining ability effects 
(Comstock, Robinson, and Harvey; 1949)0 
Methods of selection are therefore known to vary 
in the efficiency with which they exploit different 
classes of genetic variation. For this reason it is 
important to know something of the changes in genetic 
effect produced by alteration of the external 
environment. If the environment were to have a marked 
influence on the outcome of a genetic analysis, then it 
would be difficult to specify a most efficient 
selection method for a population growing in a highly 
variable environment. 
The preceding discussion was concerned with the 
problem of choosing the most efficient of a number of 
selection methods. The rather different situation 
may arise, however, in which a number of environmental 
regimes are available, and it is desired to choose one 
of these for purposes of artificial selection o The 
measurement of heritability within different 
environmental regimes is of particular relevance to 
this problemo 
(ii) the effect of environment on the 
heritability 
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Although artificial selection has long been used 
in the improvement of economically useful characters, 
it was only following the work of Hammond (1947) that 
the problem of environment and selection was brought 
into any degree of prominence. Hammond proposed that 
artificial selection for improvement of a character 
should be carried out in the environment most suited 
to its phenotypic expression. This concept was largely 
the result of intuitive reasoning based on Hammond's 
many years of experience as an animal physiologist and 
nutritionisto 
It was subsequently shown by Falconer (1952) that 
the decision as to the more suitable of two selection-
environments can be made in a purely objective manner , 
provided that estimates have been obtained for several 
basic population parameters~ These are 
(i) the heritability in each environment 7 and 
(ii) the genetic correlation between genot y pes 
grown in the two environments" 
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The measurement of heritability in populations subjected 
to environmental stress has since been carried out for 
a wide range of organisms and types of stressQ In work 
of this type, the environment producing the maximum rate 
of growth is generally referred to as the 'optimum' 
environment, and this is contrasted with one or several 
'stress' environments producing decreased rates of 
growth. 
Heritability is most commonly measured as an intra-
class correlation, and it is the rule, particularly for 
field experiments, that the standard errors of estimates 
are of a high magnitude, relative to the estimates 
themselves. Nevertheless, it would be hoped that any 
general tendency for the heritability to be higher in 
either stress or optimum environments would be revealed 
by a comprehensive survey of the relevant literature o 
A survey of this nature has been carried out? and a 
summary of a representative sample of results is 
presented in Tables 4.1 and 4o2. Although it does 
appear that heritabilities are rarely lower in the 
better environments, this must be regarded as only a 
very tentative conclusiono In general, it can be said 
that there is not only a lack of overall agreement 9 but 
'I 
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Experimental Mean h2 Author material and Character value 
stress factor 
chickens - body weight 
Becker nu tri ti onal ( a) females 68Q(H) ,,66!093 
( 196 4) level 585(L) o41'.::o68 
(b) 28J~Hl + males .29-.63 
236 L .,21!.44 
Korkman cattle - butterfat 183 (H~ .,30!016 
management production 160~M + (1953) .,37 - .,15 level 142 L + 
.. 50-"17 
- + cattle - (a) milk 4J9~Hl ,,22- .. 05 
Mason & management yield 392 M .. 12! .. 04 
345(L) + Robetson level ,,05-.,04 
(1956) (b) 4.19~H~ + butter- .,49 - .09 
%age 4.,15 M + fat 047 - .. 09 
4s13(L) + 027- .. 07 
sheep - (a) greasy 13o2(H) ~31 
nutritional fleece wt .. 9 .. 4(L) .. 31 
Morley level (b) staple 10.0~H~ 0 ( 19 56) length 8"9 L 0 ( C) 17-month 103o4(H 026 
body-wt" 72o9(L) " 40 
sheep - ( a) greasy llo5(H) 084! .. 33 
Osman nutritional fleece wto 7 . 2fLl 
+ o50 - ol7 
and level (b) staple 9.,8 H + 053 - .,29 
Bradford length 8,,S(L) + ,, 42 -., 16 
(1965) (c) 450-day 111 .. 4(H) + l. o06 -o 35 
body wt., 98.,9(L) + 040-o l.6 
Tribolium (a) 13~4(H) + number ,,68 - 009 
Kidwell castaneum - 3 o3(L) + of pupae ,,70 -a lO 
et al. temper a tur e (b) number 20 .. l(H) 065! .. 09 ( 196 4) of (pupae 9.2(L) + 
+ larvae) .60- o09 
Table 4.1: results for a representative sample of 
trials investigating the effects of 
environmental level on heritability in 
animal material .. H, M, and L indicate the 
high, medium, and low level, with reference 
to growth rate, for each environmental 
variable. 
Experimental Chara- Mean 
material and Author 
stress factor cter value 
Frey(1964) oats - grain -t) fertility level yield 
- L) 
Gotoh and 
wheat grain 
-(H) -Osanai fertility level yield 
=~t~ (1959) 
Griffing Arabidopsis 
and fresh l .. 425(H) 
Langridge thaliana - weight l.216(M) temperature (1963) ,, 768(L) 
Table 4.2: results for a representative sample of 
trials investigating the effects of 
environmental level on heritability in 
plant material. H, M, and L indicate 
the high, medium, and low level, with 
reference to growth rate, for each 
environmental variable. 
64b 
2 
h 
0 45 
"32 
"08 
~09 
.16 
.. 11 
"39 
• 36 
also a lack of agreement between the results of very 
similar experiments (e.g. Morley, 1956 - Osman and 
Bradford, 1965). 
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It may be commented that the stress was not 
particularly severe for the majority of cases 1 in the 
sense that it merely represented an extreme in the 
range of environments normally encountered by the 
individual. The suggestion of VanVleck and Bradford 
(1964) may indeed be relevant, namely that significant 
results are only expected to arise from the imposition 
of extremely severe stress. This comment fo .llowed 
consideration of the work of Abplanalp (1962), in which 
a plateau in selection response for increased egg-
number in chickens was broken by the imposition of a 
feed-shock rarely encountered in the normal course of 
events. 
The experimental material for the present study 
consisted of a number of F 2 -hybrids of Arabidopsis 
thaliana, and the character studied was fresh weight 
after fourteen days' growth~ The plants were grown in 
a range of controlled environments, involving variation 
in temperature, light intensity, and the concentration 
of both mannitol and nutrients in the growth- mediumo 
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Medium- and high-stress levels were constructed for 
each of these four environmental factors, as has been 
previously described in Chapter 2, and the four 
medium-stress levels were combined in pairs to give a 
further six stress-regimes. 
Partial diallel analyses were carried out on the 
resulting sets of data in orde~ to estimate the 
significance of general and specific combining ability 
effects in the different environments. Estimates were 
also made for the general combining abilities of the 
ten parental races, with the main interest being in 
the change of ranking as the environment varied o 
In the second section of the analysis, estimates 
were made of the proportions of total variance 
attributable to general combining ability, specific 
combining ability, and error effects within each 
env ir onmen t • From these, heritabilities were 
estimated and a comparison then made of the magnitudes 
of estimates within stress and optimal environments. 
Furthermore, following calculation of all possible 
genetic correlations between environments, estimates 
were made of the direct and correlated responses to be 
expected from artificial selection within the different 
environments. 
In discussing the results, consideration is first 
of all given to the cases where single components of the 
environment were varied. The results obtained from the 
pairing of medium-stress environments are then 
considered in a separate section. 
4.2 Results 
From the F 2 data for each environmental regime, 
estimates were obtained for genetic parameters of the 
first and second degree. It should be noted that the 
F 2 data for the optimum and high temperature-stress 
trials are different from those used in previous 
sections. These previous data were for plants grown 
in a different cabinet from that normally used, and 
so to preserve consistency of experimental technique 
the two F 2 trials were repeated when the usual cabinet 
became available. The basic data which resulted are 
given in Appendix C. In each case, it was found that 
the second-degree statistics were of a lower magnitude 
for the repeat trials. 
The procedure followed in each partial diallel 
analysis has been outlined in Section 2.5~ For each 
trial, it was first necessary to randomly eliminate 
individual plant weights, so that there remained a 
constant number of measurements for each F 2 -typeo 
General combining ability (g.c.a.) effects were 
estimated from the log.fresh weights of plants on the 
assumption of fixed genetic effects, according to 
the model 
where g. and g. are the goc oa.'s of 
l J 
lines i and j, s .. is the specific combining ability lJ 
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(s.c.a.) for the cross of the ith. and jth. line s , and 
e. "k is the error component for the k th. individual lJ 
of the cross (ix j). 
The values obtained for the total of fifteen 
environmental regimes are given in Table 4 oJo In each 
case, there are two values for the standard error of 
(g.- g.), the difference between two estimated g ee . a . 
l J 
values. These correspond to whether the cro ss (ix j) 
was, or was not, included in the experiment a l ma terial~ 
The mean squares from each partial diall e l 
analysis are set out in Table 4.4. For purp o s e s o f 
comparison, results are given for both the untransformed 
and logarithmically transformed data~ On the 
assumption of random genetic and environmental effects, 
components of variance were estimated f r om these mean 
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Environ- S~E ~ Race inclu-mental ded 
regime 
not 
BD :as CT GR LU MT RLD 1A TS TU incl. 
-
Optimum 787 772 756 790 732 765 720 796 756 824 0017 4 5 7 3 9 6 10 2 8 1 ~014 
Medium T 709 737 594 · 576 627 765 689 809 674 769 .035 5 4 9 10 8 3 6 1 7 2 .029 
---
High T 529 561 327 432 449 455 562 718 463 497 .059 L~ 3 10 9 8 7 2 1 6 5 .048 
Medium L 717 680 677 727 674 714 663 729 688 730 0018 4 7 8 3 9 5 10 2 6 1 .015 
High L 511 532 426 536 552 573 490 587 529 483 .026 7 5 10 4 3 2 8 1 6 9 .021 
-
Medium M 666 647 648 - 629 626 690 580 637 645 690 .0 23 3 5 4 8 9 1 10 7 6 2 0019 
High M 575 597 567 564 553 526 530 580 535 647 .028 4 2 5 6 7 10 9 3 8 1 .023 
Medium 694 680 637 664 670 6 L~9 614 677 647 660 0014 1 2 9 5 L~ 7 10 3 8 6 .o 1 
Ligl1 l 513 561 508 575 526 501+ 501 565 518 504 . 017 6 3 7 1 4 8 10 2 5 9 0014 
I 
·- -
I~ l t;! cl i Ul11 ·r a11d 629 541 448 527 549 681 581 628 569 526 .034 
medium L 2 7 10 8 6 1 ~ - 3 s 9 .027 
II1eulum '1' and 651 689 L~9 5 517 594 680 59L~ 737 617 678 ,032 
rnedi w11 M 5 2 10 9 8 3 7 1 6 4 , 0 ') 6 
- --
l'-iCUi l.Ull and 571 563 L~07 410 460 575 553 658 511 579 .06t> 
1J1 dium I: 4 5 10 9 ~ J 6 1 7 2 .05G \) 
Medium L .:.DH.i 575 592 582 612 582 612 597 GJ2 5L10 65u . 0 'J (] 
mcdi um 1,1 9 6 7 L~ 8 ') 5 2 lO 1 ;02J __) 
Medium L and 599 540 444 531 578 582 4t32 621 L~99 55h .oho 
m di Ulil 1- 2 6 10 7 4 3 9 1 ~' u 5 c032 C" ,i u1. " ant.I G17 610 566 606 603 596 576 653 611 637 .Ul9 
I 3 5 10 6 7 C 9 1 1, r) .016 LlC:dl l.U, I 
Table 4.3: general combining ability Chtir;1atc::; (log.mgm::;, x 
10 J ) a11a their ran.kings r ur LJ ... c G cu 1Jareu t al 
rac cs. :: ,tandard err ors ( ,':). 1~. ) ~u' c: r;j_v en for the 
lli.fl'crence bet, ecn t,vo estimateb. 
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Environ- untransformed data transformed data 
mental mean -square mean square error 
regime d.,f. goc.a. So C,. ao error g .. Co a., s,, c,,a,, e rror 
Optimum 17.,5344 
.. 9605 1,.2136 ,,00274 ,.00016 ,,00020 
M:edium T 61.0621 5 .. 2678 203031 ,,02040 400244 .. 00082 
High T 16.4080 .6014 1.,3487 002412 .00189 ,.00234 
Medium L 6.8654 0 3555 .6458 .00221 .. 00011 .. 00021 
High L 3.8689 .8091 .2948 .. 00587 .. 00121 ,.00045 
Medium M 5.4584 ,.7074 .6035 .00288 ,.00049 ,.00035 
High M 4.0089 1.2743 .3785 000398 ,. 00182 000053 
Medium N 303381 ,, 2876 .2604 ,,00157 ,? 00017 ,,00013 
High N .7852 0 =1-522 .1149 ,,00132 .00026 ,, 00019 
Medium T and 12 0 5910 1 .. 6550 ,,6721 ,,01222 ,,00227 ,,0007.5 
medium L 
Medium T and 31~2194 .4188 09552 001922 000058 ,,00070 
medium M 
Medium T and 15.6538 l .. 8543 l.8744 ,.02140 "00.JOl 000312 
medium N 
Medium Land 2.3997 ,,8908 .. 4711 "00235 0 0008.J .00053 medium M 
Medium L and 6.6943 1 .. 5763 ,.5829 .00986 ,.00175 ,, 00104 
medium N 
Medium Mand 2,,6749 ,.4368 0 3016 00 0186 000033 000024 
medium N 
Table 4.4: mean squares from the partial diallel analyses 
of F 2 means; results are given for both the 
untransformed and logarithmically ~ ransformed 
data. In each case, there are 9 and 5 degrees 
of freedom (d.f.) for the g ocoa o and s.,c ,, ao 
mean squares respectivelyo 
345 
420 
390 
375 
375 
360 
375 
345 
285 
345 
360 
330 
360 
360 
285 
squares by the method outlined in Section 2o5o The 
values obtained are given in Tables 4o5 and 406 , for 
the untransformed and transformed data respectively9 
4.J Discussion of results 
( i) significance tests for combining ability 
effects 
The mean squares resulting from partial diallel 
analyses of F 2 means have been given in Table 4c4o 
Variance ratio tests may be devised from the expec ed 
mean squares of Table 2.8, testing for significance of 
general and specific combining ability effects o These 
are 
(a) F gca 
(b) F = 
sea 
s.c.a. 
mean square 
, with 9 and 5 degrees 
mean square 
and 
s~c.a. mean square 
error mean square 
of freedom 9 
, with 5 and m degr ees 
of freedomo 
The values obtained for these variance ratios are 
presented in Table 4e7• The use of a logarithmic 
transformation produced only a slight change in their 
magnitudes, and discussion will be confined to the 
results for the transformed datao These are the more 
appropriate, since plants were weighed when in the 
exponential phase of growthe 
Environ- components of variance 
mental 
regime g.c.a. SoCoa., err or total 
Optimum 6.215!2.810 + -0253- .. 522 29" 126! 2 0 211 41.303 
Medium T + 20.923-9.821 2.965!20820 + 66*790- 4.598 111 ., 600 
High T 5.927!20626 -?747! 0336 36.,416!2"601 47 ,, 523 
Medium L + 2.441-1.100 + 
- .. 290- .. 196 + 16 o79l - l o223 21 ,, 383 
High L 1.147! . 640 0 514! .. 433 7 0 664 ! 0558 10 0473 
Medium M + 1.782- .884 . 104! .381 + 15 ,, 088-1?121 18 0755 
High M + 1.025- .690 .. 8 96 ! .682 9.,841:°t 0717 12 .. 788 
Medium N 1.144:!: 
.537 + .027- .155 6 0249! .474 8 ., 564 
High N + 
.237- .129 + 0037- .082 + 2 ,, 297 - "192 2 .. 809 
Medium T and 40101t2.04o + .. 886 16 0131:::1.,225 25 0315 medium L .983-
Medium T and 11.550!4.993 - .. 536! .. 235 + 46 0444 medium M 23 ,, 880=1 ?775 
Medium T and + + 43 0111.:: 3 0346 53 0441 medium N 5.175-2.530 - .. 020-1 .. 002 
Medium Land 
• 566:!: .423 + .. 477 + ,, 875 13 Q330 medium M .420- 11 0778 -
Medium Land 1.919!1.116 + .. 844 + 19 0404 medium N .. 993- 14 0572 - 1 0083 
Medium M and + 
.437 + + ., 50 4 7"8 47 medium N .839- .135- .. 235 6 ., 033 -
-
Table~-!..2: components of variance, and their s tand ard 
errors, from partial diallel analys e s of F 2 
fresh weights (in mgms ,, ) ,, 
Environmental components of variance 
regime 
Optimum 
Medium T 
High T 
Medium L 
High L 
Medium M 
High M 
Medium N 
High N 
Medium T and 
medium L 
Medium T and 
medium M 
Medium T and 
medium N 
Medium Land 
medium M 
Medium L and 
medium N 
Medium M and 
medium N 
Table 4.6: 
g,, C "ao So Co a., err or total 
-
966:t.438 -41! 85 4765! 361 6657 
6735!3298 1621::1304 23671! 1629 38765 
8335~3875 -451!1024 63251!4517 79471 
788! 354 + -107.(.., 59 5574! 406 7044 
1748! 969 7 6 4:t. 647 11582! 843 15844 
897! 470 138! 261 8715! 647 10647 
811! 733 1291! 971 13650: 994 16565 
524! 253 38! 91 3186! 241 4273 
39i: 217 63! 138 3891! 324 4750 
3729!2005 1516!1215 18112 !137 5 27087 
6990!3075 -126! 312 17 596 ±1307 .31450 
6895!3474 -114!1627 71860±5577 85537 
570:t. 410 301! 443 13137! 976 14580 
3039!1615 710! 940 26093!1939 32883 
576! 305 34:t. 175 4845! 404 608 2 
components of variance 6 ( x 10) from par t ial 
diallel analyses of F 2 fresh weights (in 
log10mgmso),, 
Environmental untransformed data transformed data 
~ 
regime gocoao SaCoao g o Co a ? SoCoao 
Optimum 18026** Oa79 NS l7 ., J9** Oa79 NS 
Medium T 11 .. 59** 2o29* 8oJ7* 2:,99* 
High T 27.28*** 0 .,45 NS 12 075** Oa81 s 
~ 
Medium L 19 .. Jl** 0"55 NS 20.,62** 0,, 50 ,S 
High L 4. 78* 2.74* 4 .. 85* 2 ~ 72* 
Medium M 7°72* 1.17 NS 5o91* l o40 NS 
High M J .15 NS JoJ7** 2ol9 NS Jo46** 
Medium N ll o6l** lo lQ NS 9"15* 1,,29 NS 
High N 5 .. 16* 1 .. JJ NS 5o09* loJJ NS 
Table 4.,7: variance ratios testing for significance of 
general combining ability (gocoa o , and 
specific combining ability (soc ?ao) effects} 
for both the untransformed and loga ithmically 
transformed datao 
( *' **, *** = significant at 5 per ent 1 l 
per cent, and 0.,1 per cent level respectively , 
NS= not significant)o 
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A. general combining ability effects ~ 
General combining ability effects 9 which may be 
attributed to the additive effects of genes 9 were highly 
significant under conditions for optimum growth o 
However, there was an apparent decline in the 
significance of these effects with increasing s t ress 9 
with the possible exception of the results for the 
temperature- -stress trialso Results of a rather 
different nature were observed by Griffing and 
Langridge (1963), for growth of a number f Arabidopsis 
F 2 -hybrids at a range of temperatures o They found that 
general combining ability effects were apparently not 
detectable under optimal or near-optimal conditions 9 
butwere significant at the extreme temperatureso The 
discrepancy between their results and the results 
obtained in the present study may possibly be 
attributed to differences in the nature of the 
experimental material, since of the five rac es used 
by Griffing and Langridge only three were inc luded 
in the material for the present study o 
As a possible explanation for the comparative 
lack of additive genetic variance at the optimum 
temperature, Griffing and Langridge suggested that 
natural selection had been primarily for growth under 
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these conditionso At the extreme tempera t ur e s 9 t he less 
stringent selective forces were assumed to have 
resulted in a residual additive gene tic varianc e f o r 
growth. 
It is a generally accepted fact tha t self-
fertilising plants have arisen from cro ss-f e r t ilising 
ancestors (e Qgo see Stebbins, 1957) 0 If this we r e 
so in the case of Arabidopsis? and it was assumed t hat 
very little genotypic selection has o ccu rr ed during 
evolution of the races, then a set of int e r-racial 
hybrids would be a sample of the ance stral cr oss -
fertilising populationQ Only in thi s rather unlikely 
situation would it be strictly valid t o e xplai n the 
properties of a set of hybrid Arabidopsis in terms of 
the directive forces of natural se lection a 
However, the results of the p r e s e nt study may be 
explained in terms of natural selection acting at the 
level of individual raceso Sinc e e ach race consists of 
a number of obligately self - ferti l i sin g individuals 9 
then selection must have fav oured highly efficient 
homozygot e s which would be expected to a c t addi i v ely 
in combination o At the same time ? the esult s f 
growth of the race s within the optimu . m envir n:ment 
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indicated a high degree of genetic divergence 9 and a 
significant additive genetic variance was therefore not 
unexpected under these conditionsc 
Bo specific combining ability effects ~ 
Significant specific combining ability effects 
were observed for the three environmental. regimes 
involving a medium temperature-stress, a high mannitol ~ 
stress, and a high light intensity-s tress respectivelyo 
In terms of gene action, these effects would be 
attributed to the presence of dominance and epistasisQ 
From the theory for a single locus, an expression 
may be derived which estimates the average degree of 
dominance for segregating loci in an F 2 population 
(Comstock and Robinson, 1952)0 This expression is 
d 
a 
= 
) 
) 
1 
2 
, where VD and VA are the dominance 
and additive variances respectively o Assuming that 
specific and general combining ability effects are 
primarily due to the dominance and additive effects 
of genes respectively, the identit becomes 
d 
a = 
( 
( 
I\ 2 .1_ 
0-s.coa.) 2 
/\ 2 ) 
0-gocoao 
II 
At the single locus level, a value of d/a = 0 implies 
complete additivity between alleles, and a value of 
d/a = 1 implies a complete dominance of one gene over 
its allele. 
Environmental scale of measurement 
regime 
Optimum 
Medium T 
High T 
Medium L 
High L 
Medium M 
High M 
Medium N 
High N 
Table 4.8: 
arithmetic logarithmic 
0 0 
.JS . 49 
0 0 
0 0 
.67 .66 
. 24 .39 
.93 1.26 
.15 .27 
.40 .40 
values of d/a, the degree of 
dominance, for the nine trials 
involving variation in four 
environmental factors e 
In Table 4.8 there are set out the values of ct/a 
for the range of environments tested in the present 
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study. The values were calculated from the components 
of variance given in Tables 4.5 and 4.6. For 
measurements on both the arithmetic and logarithmic 
scales, there may be observed a tendency for the 
ratio d/a to increase with increasing stress. At the 
single-locus level, this effect may be attributed to 
a stress-induced increase in the degree of dominance 
for a proportion of the segregating loci. 
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Similar results were obtained by Thurling (1966), 
for growth of a number of races of Cardamine at three 
light intensities. Non-additive effects were found 
to become increasingly significant as the light 
intensity was progressively lowered from the optimum 
level. 
The results of Griffing and Langridge (1963), for 
growth of a number of Arabidopsis F 2 -hybrids at a range 
of temperatures, have been previously discussed in this 
chapter. In particular it was noted that general 
combining ability effects had been found to be 
significant only at extreme temperatures. From the 
data given by Griffing and Langridge, values have been 
determined for the degree of dominance corresponding 
to growth-temperatures of 25°c , 0 0 28 C, and Jl C . These 
are 1.10, 0.62, and 0.4J respectively, thus indicating 
a decline in value with increasing temperature stress. 
Values of d/a have also been determined from the data 
of Thurling (196 6 ), for growth of hybrids within two 
separate sets of races of Cardamine. At a temperature 
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of 21°c the values of ct/a were 0.69 and 0.93 for the 
two sets of races, while at J0°C the respective values 
were 1.55 and 2.60. There is thus a definite 
indication of a greater significance of non-additive 
effects for the higher growth-temperature. 
Videly different results have therefore been 
obtained in the various studies dealing with the effects 
of temperature on the growth of hybrids within 
autogamous species. For the data of Griffing and 
Langridge, there was observed a definite decrease in 
the degree of dominance as the temperature became more 
extreme, while the results of Thurling indicate an 
increase in this measure of non-additivity with 
increasing temperature, No firm conclusion may be 
arrived at from the results of the present study, 
since non-additive effects were observed to increase and 
then regress to zero as the growth-temperature increased 
above the optimum value. 
Griffing and Langridge proposed a single locus 
model to explain the temperature-dependent heterosis 
which they had observed in Arabidopsi~. The assumptions 
involved were an equal effectiveness of the alleles A1 
and A2 at the optimum temperature, but a dominance of 
A2 for high enzyme activity at extreme temperatures. 
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The results obtained by Thurling would be as expected 
under this model, namely an increase in the degree of 
dominance with increasing temperature. 
For the remaining three classes of stress tested 
in the present study, there was observed a progressive 
increase in the relative magnitude of non-additive 
effects as the environment moved further from the 
conditions giving optimum growth. A general model may 
therefore be proposed for these factors of the 
environment, similar to that suggested by Griffing and 
Langridge _ for the effects of temperature on the 
nature of gene action. 
(ii) 
When the races are compared for their general 
combining abilities in different environments, it 
becomes clear that some races exhibited the capacity 
to combine well regardless of the environment. The 
general combining abilities of the ten races, for the 
set of nine test environments, have been given in Table 
4.J. The f~equencies of the general combining ability 
rankings for each race are set out in Table 4 . 9, and 
from these data it is apparent that race TA consistently 
showed a high general combining ability relative to 
the other races. By way of contrast, races RLD and CT 
76a 
----
rank 
Race 
-- --
1 2 J 4 5 6 7 8 9 10 
- --- ------
ED 1 1 4 1 1 1 
-----------
BS 2 2 1 J 1 
--- -- -
CT 1 1 2 1 2 2 
------- - ---·-
GR 1 2 1 1 1 1 1 1 
-- - - -
LU 1 2 1 2 J 
- ---
MT 1 1 1 1 1 2 1 1 
- -- --
RLD 1 1 1 1 5 
--------
TA J J 2 1 
- ---- --
rrs 1 4 1 J 
- --- -----
TU J 2 1 1 2 
---- -----
Table 4.9: frequencies of the general combining ability 
rankings for the ten parent races. There are 
nine ranked values for each race, corresponding 
to the nine main test environments of Table 
4.J. 
are seen to have consistently ranked low in their 
general combining abilities. 
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In Section J.J, values have been given for the 
phenotypic stabilities of the fifteen F 2 genotypes 
when subjected to four different classes of 
environmental stress. For each environmental factor, 
the basic data were obtained from growth of each 
genotype under optimum conditions, and under conditions 
imposing a medium- and a high-stress respectively. 
The variance of the three true genotypic means was then 
taken as the measure of phenotypic stability relevant 
to the particular environmental factor under 
consideration. 
However, each genotypic mean was made up of a 
component attributable to general combining ability 
effects and a component attributable to specific 
combining ability effects. A second estimate of 
stability has therefore been found for each F 2 
genotype by determining the variance not of the true 
genotypic means, but of the component of those means 
attributable to general combining ability effects 
alone. These will be referred to as estimates of 
'additive genetic stability'. 
A diallel analysis has been carried out on each of 
the four sets of additive genetic stabilities, where 
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these sets correspond to the four classes of 
environmental stress. The general combining ability 
estimates which were obtained are shown in Table 4.10. 
In general, races which rank high for stress imposed 
by one particular environmental factor rank higher 
than average for the remaining three classes of 
stress. A similar result has been noted following 
the estimation of general combining abilities for the 
character 'phenotypic stability' (Table 3.10). 
For the ten parent races, general combining 
ability estimates have therefore been obtained for 
the two variables 'phenotypic stability' and 'additive 
genetic stability' with respect to each of the four 
classes of environmental stress. Rankings of these 
estimates are given in Tables 3.10 and 4.10, and 
Spearman's rank correlation coefficient is found to 
have values of .84, .72, .44, and .93 for the measures 
of stability with respect to temperature, light 
intensity, mannitol concentration, and nutrient 
concentration respectively, The value denoting 
significance at the 5 per cent level is .63 , from 
which it may be concluded that there is a significant 
correlation for all but the mannitol treatment. It 
is noteworthy that, of all the stress regimes , a high 
environmental 
component 
ED 
-
- -
temperature .392 4 
-
light . 456 
intensity 8 
mannitol .JJO 
concentration 6 
nutrient .4J8 
concentration 9 
- ---~----.-.~~---=--3----~------------------------------.. 
race 
--------------·-----------~~_,_,_-:io _________ _ 
BS CT GR LU MT RLD TA TS TU 
-
0 
• 
-~- ____,,~ ----=--~~~ -i=:--1- I 
53 
J 
385 
6 
r 
.691 
10 
. 531 
7 
0444 
5 
.564 
8 
. 245 
2 
.lJJ 
1 
.501 
6 
~567 
9 
---------------- -- -----------t 
.555 
9 
.421 .289 .JOO 
7 1 2 
.375 
5 
.JJ5 
J 
0 371 .561 
4 10 
--------=-
. ~ 63 .279 .365 .258 .368 .290 .J46 .J40 .261 
J 4 9 1 10 5 8 7 2 
------- --- - ------
• 29 . 397 . 329 .322 .4;19 .JJ7 .366 .J80 . 516 
2 7 J 1 8 4 5 6 10 
------- ----
Table 4.10: general combining ability estimates, and their rankings, 
for the character 'additive genetic stability'. 
-....J 
CJ) 
p) 
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mannitol-stress produced the most highly significant 
specific combining ability effects. 
If the end result of a breeding programme is a 
single homozygous genotype, or a collection of 
hohozygous lines, then dominance effects can have no 
influence on the mean value of the derived material. 
In choosing between a number of potential parents, it 
is therefore more useful to know something of their 
combining abilities for additive genetic stability than 
for phenotypic stability. The results presented above 
have in fact shown that the parents chosen may well 
differ, depending on which measure of stability is 
used. The effect would be most marked in situations 
involving a high degree of genetic non-additivitye 
(iii) 
A. heritabili_ty_estimates: 
From the references cited in the introduction to 
this chapter, it was concluded that estimates of 
heritability are more often lower in stress than in 
non-stress environments. The situation as it exists 
in the present study may be investigated by estimating 
values for the heritability from the components of 
variance presented in Tables 4.5 and 4.6. 
It follows from the study of Griffing (1956) that 
an estimate of heritability in the narrow sense is given 
f'.2 A2 A2 by the ratio 2 ([ / er , where v is the estimated g p g 
/\ 2 
and (J is the p 
80 
general combining ability variance, 
estimated total phenotypic variance. An expression for 
the variance of this estimate, based on an approximate 
formula of Kempthorne (1957; p. 246), has been given 
in Table 2.9. 
A set of nine heritability-values, corresponding 
to the nine main test regimes, have been obtained in 
this manner and are presented in Table 4.11. Both the 
untransformed and transformed data have been considered, 
but for each test regime the two estimates are seen to 
agree well. Considering only the results for the 
transformed data, the standard errors are generally 
of such a magnitude as to preclude the possibility of 
there being a significant difference between two 
separate estimates. Nevertheless, there does appear 
to be a definite tendency for the heritable proportion 
of the total variance to decrease with increasing 
severity of each of the four classes of environmental 
stress. This result was also obtained by Thurling 
(1966), for growth of a number of races of Cardamine 
at two temperatures and three light intensities. 
For only one environmental regime, namely the 
medium temperature-stress regime, is the value for the 
heritability higher than that observed under optimum 
...------
environmental 
regime 
80a 
-----------.--------
untransformed data transformed data 
~===-========-===~--=------~--==------~--==-----===============1 
optimum .301 + .097 .290 + .095 
------- ---
edium T .375 + .111 .348 + .113 
- -
high T .249 + .084 .210 + .078 
- -
----
medium L .228 + .080 .224 + .079 
- -
high L .219 + .097 .221 + .097 
- -
--- ------
edium M .190 + .077 .168 + .074 
- -
igh M .160 + .091 .098 + .080 
-
---- -----
edium N .267 + .093 .245 + .091 
- -
igh N .169 + .077 .167 + .077 
- -
--- -- --
Table 4. 11: estimates of heritability in the narrow 
sense, and their standard errors, for both 
the untransformed and logarithmically-
transformed data. 
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conditions. In a similar type of trial, Griffing and 
Langridge (1963) observed a definite increase in 
heritability with increasing temperature. There is 
therefore some agreement between the results of these 
two separate investigations. 
It may be noted that, for the logarithmically-
transformed data, the magnitudes of both the error 
component of variance and the total phenotypic 
variance decreased with increasing nutrient stress 
(Table 4.6). For the remaining three enviro~mental 
factors, these variables increased in value with 
increasing stress. The observed tendency for the 
heritability to be lower under stress conditions is 
therefore unlikely to have been the result of 
deficiencies in scaling. 
B. predicted selectio!l.._!'esponses: 
As was noted in the introduction to this chapter, 
many trials have been carried out in the past with the 
aim of comparing estimates of heritability obtained 
under stress and non-stress conditions. From estimates 
of this type, predictions can be made for the direct 
responses from selection within each environment. 
However, no prediction can be made for the correlated 
response which would be shown by a set of individuals 
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selected in one environment and subsequently tested in 
a different environment. It is this second feature 
which is of interest from a practical point of view, 
for only when predicted responses are known for both 
direct and indirect selection can a choice be made of 
the optimal selection environment. 
If predictions are to be made for both direct and 
correlated response ., , it is necessary to have measured 
not only the heritability in each environment, but also 
the correlations in genetic performance between 
environments. 
Let the direct response ., , from selection for 
increased growth rate within environment A, be RA. In 
addition, suppose that selection for increased growth 
rate is carried out within environment B, and that 
subsequent measurement within A shows the correlated 
response to have a value CRA: Provided that the two 
selection intensities are the same, the predic~ed ratio 
of correlated to direct response can then be specified 
as 
, where h 2 and A 
2 11J3 are the heritabilities within the two environments, 
either in the broad or the narrow sense, and rG is the 
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relevant correlation in performance between the two 
environments A and B (e.g. see Falconer, 1960; p. 320). 
Two types of correlation have been estimated from 
the F 2 data. From the model for the partial diallel 
analysis given in Section 2.5, it can be seen that each 
F 2 mean has been considered as the sum of a general 
combining ability effect and a specific combining ability 
effect. For the first type of correlation, only the 
component of each F 2 mean attributable to general 
combining ability effects has been considered, and 
values have been determined using the standard expression 
for a correlation. The set of 'general combining ability 
correlations' (rA)' obtained in this manner, are shown 
on the right hand side of the diagonal in Table 4.12. 
Values for the second type of correlation (rG) 
have been estimated as 
cov( - ) X. ' ; X . . where ( x. ' i.) l . J 
' 
cov 
rG = (A 2 
. ) ~ l J /\ 2 . (O"x. \J X. ) 
( l J ) 
is the 
covariance between the observed F 2 means in environments 
i and j, and 0-2 and cy 2 are the between-genotype 
X. X. 
l J 
components of variance obtained from one-way analyses of 
variance within environments i and j. The values of rG 
are set out on the left hand side of the diagonal in 
----
-~ 
environmental regime 
·--
___ ,.., ___________ ~ 
medium high medium high medium high medium high 
optimum T T L L M M N N 
- ------
optimum 1.00 .59 .41 .89 .37 .86 . 71 .84 . 27 
·------ -- --
medium T .62 1.00 .86 .46 .JS .60 .44 . 45 -.01 
high T .42 .91 1.00 .36 .39 .23 .24 .JS .16 
- -
,_...___ 
·----
medium L 1.00 .53 .39 1.00 .63 .78 .36 .78 .42 
high L .4J .42 .JS .70 1.00 .41 -.19 .49 .69 
-- -----1- - --
medium M .96 .60 .23 .89 .4J 1.00 . 59 .76 .09 
high M .79 . so .22 .42 -.OJ .64 1.00 .59 -.09 
·--·-- - -
medium N , . 93 .48 .JS .89 . 5 6 .87 .66 1.00 .JS 
high N .36 0 .12 .so .82 .16 .OJ .49 1.00 
--- -- --- - --
Table 4.12: correlations between general combining ability effects 
(right hand side of diagonal), and genetic 
correlations (left hand side of diagonal) , for the 
diallel F 2 data. 
CJ) 
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Table 4.12. In general, these genetic correlations are 
of a uniformly greater magnitude than the corresponding 
values for the general combining ability correlation. 
It may be noted that growth under optimum conditions 
is always better correlated with growth at a medium 
stress-level than at a high stress-level. This is so 
for each class of environmental stress, and for both 
measures of correlation. A result of this type 
indicates a progressive alteration of the genetic 
basis for growth promotion as the degree of stress is 
increased, for each of the four classes of environmental 
stress. 
Using the values for rA and the estimates of 
heritability in the narrow sense, predictions may now 
be made for both correlated and direct responses to 
selection. The magnitudes of correlated responses have 
been determined relative to a value of 1 for the direct 
responses, and are shown in Table 4.lJ. Also given in 
Table 4.lJ are a set of predictions based on the values 
for the genetic correlation, and heritabilities in the 
broad sense. 
The results of Table 4.lJ show that, in the great 
majority of cases, plant material selected for increased 
growth within one environment would be expected to show 
a positive correlated response when tested in a separate 
~ - ~· .;. - 1:1 -.. - -- .. ---=~ ---=-----=.~ ----~ 
response 
environ-
ment 
optimum 
medium T 
high T 
optj_mum 
1.00 
1.00 
medium high 
T T 
selection environmen't 
medium high 
L L 
medium high 
M M 
--,...-.--------t--
.64 
.74 
· 35 
.36 
. 79 
.BS 
.32 
.4J 
.66 
.77 
.41 
.64 
- - - +----~-
. 54 
.53 
.49 
.so 
loOO 
1.00 
1.10 
1.28 
.67 
.64 
1.00 
1.00 
.37 
.JS 
.37 
.40 
.JO 
.35 
. 40 
.44 
.42 
.41 
. 20 
.22 
.23 
.J4 
.17 
.21 
medium high 
N N 
.77 
.88 
. 21 
. 29 
~~--------~-----! 
.JS 
.39 
.41 
.42 
-.01 
0 
.14 
.11 
---1-- ----·--+------- ----~-----4 
medium L 
high L 
tmedium M 
high M 
1.02 
l.lB 
.42 
. 44 
1.13 
1.21 
1.23 
.99 
• S 8 
.73 
.48 
. 51 
.35 1.00 
. 39 1. 00 
.JS .64 
.32 .61 
.63 
.81 
1.00 
1.-0.0 
.68 
.83 
.36 
· 35 
+--- - +-
.86 
.89 
.82 
.74 
. 25 
.24 
.36 
.23 
.90 
.95 
. 54 
. 45 
.47 I 1.00 
.53 1.00 
-.2s I .77 
- .B4 . 64 
. 24 . 82 
.40 1.00 
-.lJ .52 
- . OJ . 54 
.37 
.47 
.60 
.67 
- ----------t 
. 45 . 92 
.65 1.04 
1.00 .94 
1.00 .78 
.09 
.16 
-.11 
.03 
----·+----- ----+------- -------1 
tmedium N 
high N 
.91 
.98 
.36 
.46 
.54 
• 6-0 
-.01 
0 
.35 
.JJ 
.18 
.12 
.75 
.80 
.49 
.53 
.47 
. 58 
.79 
1. 01 
.63 
• 7 3 
.09 
.16 
.37 1.00 
. 5 6 1. 00 
-.07 .47 
.OJ .58 
.32 
.41 
1.00 
1.00 
l=======#:11 ==-==s-----==t==--=---=-=---4---=------===--==-t= ---=l 
average .79 
.81 
.67 
.72 
.4J 
.40 
.65 
.66 
. 45 
.57 
. 53 
.57 
,_ _____________ _.._ ____ ,_ - - __..__ 
.JO 
.42 
.69 
· 74 
. 29 
.35 
-----_........ ---
Table 4.~ predictions for direct and correlated responses to selection, 
with reference to the set of F 2 genotypes used in partial diallel analyses. Upper figures are for selection on the 
basis of general combining ability, while the lower figures 
refer to selection on the bases of genetic value. 
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environment. Only very rarely, however, would this 
correlated response be expected to exceed the value of 
1 for the direct response. It follows that direct 
selection is generally the more efficient method in 
situations where it is possible to specify the 
subsequent growth-environment. 
Turning now to the average predicted response 
over all environments (Table 4.13), this is seen to be 
highest for individuals selected under optimum 
conditions. There is a progressive decrease in the 
magnitude of the average response with an increasing 
degree of stress for each of the four components of the 
environment. Selection under optimum conditions would 
therefore be expected to produce the most favourable 
results if there were any doubt as to the nature of 
subsequent growth-environments, or if the selected 
material were intended for growth under the whole range 
of environments. 
(iv) 
To this stage, discussion has been confined to the 
results for the main growth trials, in which growth 
rates were measured under optimum conditions and at 
medium and high levels of stress for temperature, light 
intensity, mannitol concentration, and nutrient 
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concentration. Consideration will now be given to the 
six combination' trials, for which the four medium-
stress levels were successively combined in pairs. Of 
particular interest is the degree to which the different 
classes of stress are independent, as measured by their 
individual and joint effects on various genetic 
parameters. 
A. combinin_g_§.bility effects: 
The mean squares resulting from partial diallel 
analyses of F 2 data have been given in Table 4.4. 
Values for the variance ratio, testing for significance 
of general and specific combining ability effects, have 
been determined from these mean squares and are set out 
in Table 4.14. Results are given for both the combination 
trials and the four medium-stress trials. 
Significant general combining ability effects were 
observed for all but one of the combination trials. In 
only one case was the order of significance higher than 
in either of the corresponding medium-stress trials, 
namely for the trial involving a medium temperature-
stress in combination with a medium mannitol-stress. 
There were significant specific combining ability 
effects only for the trial which combined a medium 
temperature-stress with a medium light intensity-stress. 
----- -- -
,.._ 
... ~ .. ~ . . . 
environmental factor light mannitol nutrient 
at temperature intensity concentration concentration 
medium stress level 
-- ----
.__ 
- -
temperature 8.37 * 5.38 * JJ.27 *** 7.11 · * 2.99 * J.Ol * .82 NS .96 NS 
- --- -------- -
light intensity 5.38 * 20.62 ** 2.84 NS 5.62 * J.Ol * .50 NS l.57 NS l.68 NS 
,_ 
-- - -- --
mannitol JJ.27 *** 2.84 NS 5.91 * 5 :· 69 . * 
.. 
concentration .82 NS l.57 NS l.40 NS l.J5 NS 
- --- ----- -
nutrient 7.ll * 5.62 * 5.69 * 9.15 * 
concentration .96 NS l.68 NS l.J5 NS l.25 NS 
- ----111-
Table 4.14: variance ratio.values for the six combination trials and the 
four medium-stress trials. Upper figure is the g.c.a. 
variance ratio, lower figure the s.c.a. variance ratio. 
(*, **, ***=significant at the 5%, 1%, 0.1% level 
respectively; NS= not significant). 
CIJ 
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It may be noted that the medium temperature-stress trial 
was itself the only one of the four single-stress trials 
for which significant specific combining ability effects 
were observed. 
The pairwise combination of medium stresses 
therefore produced little significant change in the 
nature of gene action, as compared with the results 
observed for the medium-stress trials themselves. 
However, it must be remembered that the growth rates 
of plants in the combination trials were of the order 
of those observed when high levels of environmental 
stress were imposed. Some reservation must therefore 
be attached to the general statement of part (i) of 
the present section (p. 76), namely that 'there is a 
progressive increase in the relative magnitude of non-
additive effects as the environment moves further from 
the conditions giving optimum growth'. This 
generalisation would strictly only apply to variation 
in a single factor of the environment. 
B. heritabilit~~timat~ and_predicted ~ponses : 
The relevant estimates of heritability, in the 
narrow sense, are given in Table 4.15 for both the 
untransformed and transformed data. For each 
combination trial the value obtained was, in all but 
factor at 
medium 
stress 
level 
.. 
temperature 
light 
intensity 
nnanni t ol 
concentration 
nutrient 
concentration 
Table 4.15: 
light mannitol nutrient 
temperature intensity concentration concentration 
.375 + .111 .324 + .111 .497 + .110 .194 + .077 
.348 + .113 .275 + .109 .445 + .110 .161 + .069 
-
.324 + .111 .228 + .080 .085 + .058 .198 + .093 
-
.275 + .109 .224 + .079 .078 + .052 .185 + .081 
-
.497 + .110 .085 + .058 .190 + 
-077 .214 + .089 
-
.445 + .110 .078 + .052 .168 + .074 .190 + .082 
-
.194 + .077 .198 + .093 .214 + .089 .267 + .093 
-
.161 + .069 .185 + .081 .190 + .082 .245 + .091 
-
--
estimates of heritability (in the narrow sense) for the six 
combination trials and the four medium-stress trials; upper 
figures are for the untransformed data, lower figures for 
the logarithmically-transformed data. 
(.X) 
'-1 
Pl 
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one case, less than or intermediate to the values for 
the corresponding pair of medium-stress trials. 
The h~gh value observed for the medium 
temperature~stress trial occurred also for the 
temperature-light intensity and temperature-mannitol 
combination trials. For the temperature-nutrient trial, 
however, the heritability was of the order of that 
observed for the medium nutrient-stress trial. This 
result may be compared with the observed 'dominance' 
of the temperature stress with respect to the 
generation means (Section J.J (iv)). 
So that predictions may be made for the responses 
from selection within the 'combination' regimes, a 
number of correlations in genetic performance have been 
determined for the F 2 data. Values for the two types 
of correlation, namely the general combining ability 
correlation and the genetic correlation, are shown as 
the upper and lower figures respectively in Table 4.16. 
The expectations for correlated selection responses, 
as presented in Table 4.17, are based on the formula 
given previously in Section 4.J (iii). They are relevant 
to the situation where selection is carried out within 
one of the 'combination' environments, but the response 
is subsequently measured within the main test-
-environmental medium medium medium medium medium medium 
l evel T and L T and M T and N L and M L and N M and N 
-
optimum .39 .65 . 53 .60 . 78 .90 
.4J .69 .60 .6J .87 1.00 
·-- - -
medium T .68 .98 .98 .55 .6J .65 
. 75 1.00 1.00 .60 . 71 .69 
·-
_, 
- --
---
high T .67 .85 .92 .J4 .53 .61 
.69 
· 93 1.00 .48 .59 .70 
- I 
medium L .60 .53 .4J .51 .86 .85 
.67 .59 .52 .56 .97 .94 
·-- ---
-
- -
high L .78 .49 .35 .JO .72 .53 
.84 .52 .35 .Jl .84 .59 
_, _____ 
----
-
me dium M .45 . 65 .49 .55 .76 .73 
.42 .67 .58 .56 .SJ .81 
-
high M -.18 .47 .J6 .59 . 41 .51 
-.os .50 .35 .61 .56 .68 
·-
_, ____ 
_ ,__ 
- -
medium N .41 .59 .42 .39 .89 .87 
.44 .62 .52 .37 .98 .91 
--
,.... 
---
-
,___ ___ 
--
high N .23 .09 -.o4 .25 .JS . Jl 
.27 .10 -.05 .20 .46 .37 
- -
Table 4 . 16 : correlations between F2 general combining ability effects (upper fi gures) and genetic values (lower figures) for 
the combination trials and the set of nine main trials. 
CIJ 
CIJ 
p.l 
--
response 
environment 
medium 
T and L 
_......;; 
optimum .JS 
. 47 
-
--
medium T . 61 
. 69 
high T . 76 
·-
__ .89 
---· 
medium L .66 
.86 
high L .87 
.94 
-
medium M .57 
· 57 
high M -.29 
-.11 
--·-1--
-
medium N .44 
. 51 
high N .JO 
..!..28 
-
mean .48 
response . 58 
---------------
selection environment 
--------
me 
T a 
:-
dium 
nd M 
80 
86 
--
1. 
1 . 
10 
06 
23 1. 
1. 
_J9 
1. 
1. 
• 
75 
87 
69 
67_ 
06 
06 
99 
78 
79 
82 
15 
-12 
--
84 
85 
---
medium 
T and N 
. 39 
.44 
--
.67 
.63 
.81 
.88 
-
.J6 
.46 
.JO 
. 27 
t---
.48 
.54 
.46 
.JJ 
.J4 
. 40 
-.04 
-.05 
-- -
.42 
.4J 
--
----
medi 
Land 
um 
M 
---
.Jl 
. 37 
----
.26 
. JO 
.21 
.J4 
. JO 
.39 
.18 
.19 
.JS 
.41 
. 53 
~2.... 
.22 
.2J 
. 17 
.15 
-
. 29 
.Jl 
---
---
----
medium mediu 
L and N Mand N 
-
. 6 J .72 
. 74 .84 
--
.46 .48 
. 51 .49 
.50 .58 
.60 
___.!.10 
---
. 78 . 78 . 
.98 .93 
.66 .49 
_:..1.3_ . ~l 
.80 .·77 
.89 . 85 
. 56 .82 
__:..22_ .71 
.77 .76 
.88 .81 
.40 
.JJ 
_.!22- ~ .62 4 
. 71 .69 
Table 4.1]~ predictions for correlated selection responses, the upper 
figures for general combining ability selection and the 
lower figures for selection on the basis of genetic value. 
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environments. Valid comparisonsmay therefore be made 
with the predicted responses of Table 4.lJ. 
The correlated responses are consistently greater 
than 1 for selection within the temperature-mannitol 
combination regime. This result may be wholly 
attributed to the high value for the heritability 
within this regime, and is not representative of the 
general outcome. Considering the mean predicted 
responses for the other combination regimes, the 
general observation may be made that selection would 
be, in all cases, less efficient than if it were carried 
out under optimum conditions. 
4.4 Conclusions: 
The results of the present chapter demonstrate the 
dependence of gene action on the nature of the external 
environment. For growth under optimum conditions, 
significant additive genetic effects were found to be 
present in the set of F 2 -hybrids used as experimental 
material. This phenomenon has been observed for other 
species of self-fertilising plants, with examples being 
found in the work of Lawrence (1965) and Finlay (1963). 
A sufficient explanation may be given in terms of 
the varying effects of alleles fixed in different races. 
There was an apparent tendency for non-additive 
effects, as measured by the degree of dominance (ct/ a), 
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to increase in magnitude as the environmental conditions 
became increasingly sub-optimal. This was observed to 
be so for stress imposed by either a lowering of the 
light intensity, an increase in the concentration of 
mannitol in the growth medium, or a decrease in the 
supply of available nutrients. Confirmatory evidence 
was found in the work of Thurling (1966), for growth 
of several races of Cardamine at three light 
intensities. 
The results for stress imposed by high temperature 
were somewhat inconclusive. Growth of the plants at a 
medium level of stress revealed the presence of 
significant non-additive effects, but these were not 
evident for plants grown under high temperature-stress. 
A similar experiment had earlier been carried out with 
Arabidopsis by Griffing and Langridge (1963). Using a 
different set of races from those used in the present 
study, they observed a decreasing significance of non-
additive effects with increasing temperature, However, 
the results of Thurling (1966) are in direct contrast, 
with several races of Cardamine having been used to 
demonstrate a greater relative magnitude of non-
additive effects for more extreme temperatures. 
Langridge (1962), and later Griffing and Langridge 
(lac.cit), proposed a single-locus model to explain the 
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temperature-dependent heterosis which they had observed 
to occur in both D~ophila and Arabidop~i~. Under this 
model, a result such as that obtained by Thurling would 
be expected, namely a greater significance of non-
additive effects at higher temperatures. 
The hypothesis put forward by Langridge took into 
account the common occurrence of high temperature 
sensitive alleles in natural populations, and considered 
the heterotic effect to be acting at the level of the 
enzyme. A similar hypothesis, in terms of the 1 stress-
sensitivity' of certain alleles, would account for the 
effects of stress obs erved in the present study as a 
Iesnlt of a lowe ring of tho light intensity, ar1. increase 
in the concentration of mannitol ir1 the growth medium, 
and a decrease in the concentration of essential 
nutrients. However, it would be difficult to conceive 
of a molecular basis for a hypothesis such as this. 
As a general rule in the present study, the de gree 
of stress imposed by a particular environmental regime 
has been def'ined in terms of the growth rates of plants 
within that regime . In this regard , it may be noted 
that there was not always a direct correlation between 
the degree of stress and the relative magnitude of 
non-additive genetic effects. The growth rates of 
p lants in each of the 'combination' environments was 
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always less than in either of the corresponding medium-
stress regimes, but this reduction in g rowth rat e was 
not necessarily accompanied by an increase in the 
significance of' non - additive effects. It follows t :1at 
the foregoing conclusions as to the effects of 
environmental stress are strictly v a lid only when the 
increasing stress is with reference to individual 
components of - the environment. It is unfortunate that, 
in many field experiments, the measurement of plant 
growth is often the only means of gaining a true 
assessment of the prevailing environmental conditions. 
1'he situation may arise in which it is desir e d to 
carry out a programme of artificial selection on a set 
of hybrids within an autogamous species. The above 
results suggest that selection on the basis of speci:C'ic 
combining ability would be more suitable if the 
prevailing environmental conditions were markedly sub-
optimal. The derived material would then be a single 
hybrid or set of hybrids. 
Substantially the same conclusion would be 
arrived at from a consideration of the values obt ained 
for the heritability. The maximum re s ponse f'rom sel e ction 
on the basis of a dd _i__ tive gene ti c effects would 1Jc eXL>C' C Le(' 
when the environme nt a l condition s were optimal f'or e',T'o ·ivLJi, 
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since the heritability was determin e d to be highest 
under these conditions. It may be noted, however, 
that there was a suggestion of an increase in the 
heritability with increased temperature, both in the 
present study and in the similar study of Griffing and 
Langridge (1963). 
From the references cited in the introduction to 
this chapter, on the relative magnitudes of the 
heritability under non-stress and stress conditions, 
it was tentatively concluded that heritabilities are 
rarely higher under conditions of environmental stress. 
The results of the present study would support this 
conclusion. However, it is perhaps not to be expected 
that a generalisation can be made for all types of 
plant and animal material, and all classes of sub- op timal 
environment. The only indication of any s ort of generality 
in this field of work is seen in the observation of 
Langridge (1962), that the phenomenon of temperature-
dependent heterosis is exhibited by both Dr~phila and 
Arabidopsis. 
Referring again to the representative sample of 
resul ts outlined in Tables 4:1 and 4.2, it may be noted 
that the stress environments generally had quite marked 
cf .fccts on plant or animal growth . 1 [oi;v cvP r, the 
') 
heri tc;1bili ties were general ly such that {- < j l / A 1 
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where hA and hB are the values in the stress and non-
stress environments respectively. Since the expression 
for a correlated response in environment 
( 2 
( h B/ in environment B involves the term 
( 
A from selection 
2) _1 
h ) 2 the n a A , ) 
correlated response will rarely be greater than 1 unl ess 
the genetic correlation between environments is greater 
than about 0.7. Values for the genetic correlation are 
given in a number of the references cited in Tables 4.1 
and 4.2, and a survey of these values indicates that 0.7 
wou~d be considered a high estimate. This result suggests 
that correlated responses are rarely expected to exc eed 
the direct response from selection in a particular 
environment. 
If only the results of the present study were 
considered, it would be similarly concluded that direct 
selection is generally the more efficient method. 
If the material resulting from artificial ·selection 
were intended for growing over a whole range of stress 
and non-stress environments, then it would b e 
r e commended that selection be carri e d out unde r optimu m 
conditions. This conclusion do e s not n e c essarily f ol l ow 
from the fact that the heritability wa s hi g h e r under 
optimum conditions, but is rather due to the f a c t t h atj 
for the F 2 material tested in the present study , the 
genetic correlations involving the optimum environ ment 
as one of the pair of environmental regimes were 
generally higher than the average value over all 
pairs of environments. 
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The measures of phenotypic stability for a set 
of hybrids may be used in the choosing of parent for a 
programme of artificial selection. Howeverj considerable 
variation in the magnitude of non-additive effects may 
result from the varying degrees of environmental stress 
involved, and this would cause bias in the measures of 
stability obtained from genotypic means. The effect 
would be of particular significance in a selection 
programme for which the ultimately derived material was 
a pure line or set of pure lines. 
It is therefore suggested that 'additive genetic 
stability' is a more suitable predictive character than 
'phenotypic stability' when the plant material under 
consideration is predominantly self-fertilising 9 and 
the main interest lies in the performance of plants 
in the homozygous condition. The results of the present 
study indicate that the correlation between these two 
measures of stability may be expected to be lowest for 
classes of environmental stress inducing the most marked 
non-additive genetic effects. 
CHAPTER 5 
RESPONSE.S TO SELECTION UNDER DIFFERENT ENVIRONMENTS 
5.1 Review of literat~: 
In commercial practice, there are three main courses 
of action open to a plant-or animal-breeder selecting 
for increase of an economically important characterv 
Recognising the importance of environment in determining 
the ultimate properties of a set of selected individuals , 
he may carry out selection in one of three situations ~ 
either (a) in the environment producing optimal 
expression of the character undergoing 
selection 
or (b) in an environment which imposes a stress ~ 
and is thus detrimental to the 
expression of the character undergoing 
positive selection 
or (c) in the environment in which subsequent 
growth is to be carried out. 
As was noted in the previous chapterj Hammond (1947) 
has proposed that selection should always be carried out 
under environmental conditions giving optimal development 
of the character in question. It was suggested that if 
the conditions for development are unfavourable then 
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there is no opportunity to select for genes capable of 
expression upon removal of the environmental 
restrictions. 
The widespread occurrence of genotype-environment 
interaction, and in particular the type of interaction 
which results from a change in the ranking of genotypes 
with variation in environment, led Falconer (1952) to 
the general conclusion that: 
'selection should be carried out under the 
environmental conditions in which the improved 
breed is destined to live'. (p. 29J). 
These opposing points of view were put forward as 
a result of considerations which were largely theoretical. 
It is therefore of interest to consider the various 
trials which have since been carried out in an attempt 
to find an empirical solution to the problem. 
Fowler and Ensminger (1960) arrived at a conclusion 
similar to that of Falconer (lac.cit) , following a 
trial involving a period of selection for increased 
rate of gain in swine. Two environmental regimes were 
used, one group of animals being reared under full -
feeding and the other receiving 70 per cent of the full -
feed requirements. Selection for increased rate of 
gain was practised within each of these regimes for 
seven generations, and then each selection group wa s 
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tested under the alternative feed conditions. Rather 
unexpectedly, the highest rate of gain was shown by the 
pigs which were growing on a high plane of nutrition 
but which had been selected for increased growth rate 
on the low plane. These animals were quite markedly 
superior to the group next highest in rate of gain 1 
namely the animals which had been selected and tested 
under high-plane conditions. Nevertheless, it was 
stated as a general conclusion that 
'the results support the contention that 
breeding animals should be selected in the 
environment under which their progeny are 
expected to perform.' (p. 449). 
Although Falconer (1960a) obtained results 
essentially similar to those of Fowler and Ensminger, 
he arrived at a rather different conclusiono The 
experimental work consisted of a programme of 
artificial selection for both increased and decreased 
growth rate of mice on high and low planes of 
nutrition. The selected material was ultimately 
tested under both environments. An increase in growth 
rate on both planes of nutrition was observed only for 
the material which had been selected on the low plane, 
high-plane selection producing only a high-plane 
response. The best 'all-roundt performance was 
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therefore produced by selection on the low plane of 
nutrition. It was therefore concluded that selection 
for good performance under a variety of conditions is 
most effectively carried out in the environment least 
favourable to the desired expression of the character 
undergoing selection. 
On the subject of the environment and selection, 
there are therefore proponents of each of the three 
alternatives which were listed at the commencement 
of this section. However, reference has so far been 
made only to studies in the field of animal breeding, 
and it happens that work of a similar nature using 
plant material has been very limited in extent. The 
two reports which do have some significance in the 
present regard are those of Gotoh and Osanai (1959) 
and Frey (1964). 
Frey carried out selection for increased grain 
yield within an F 2 population of oats, under both stress 
and non-stress environmental conditions. These were, 
respectively, an eroded knoll and an area onto which 
topsoil had been deposited, so that there was 
variation in both fertility and moisture-retaining 
capacity. Three environmental regimes were constructed 
by Gotoh and Osanai, corresponding to applications of 
one-half, standard, and double amounts of fertiliser to 
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similar experimental plots. Selection was carried out 
in these three environments for high yield within a 
cross between two winter wheat varieties. 
A comparison of these separate experiments 
reveals a high degree of disparity in the results 
obtained. In the first instance, the heritability of 
grain yield in the F 4 generation was found by Frey to 
be higher for plants grown in the optimum environment. 
In direct contrast, Gotoh and Osanai found that the 
heritability of grain yield, as measured by the 
regression of F 3 lines on F 2 plants, decreased with 
increasing application of fertiliser. 
Secondly, consideration may be given to the data 
resulting from the testing of selected material in a 
range of environments. Frey grew the strains 
constituting the F
7 
generation in three separate 
environments, and found that the strain x environment 
mean square was significant only for the material 
selected under stress conditions. This material was 
therefore the more poorly adapted to the range of 
environments used. To determine the general adaptability 
of each of their three derived sets of plants, Gotoh and 
Osanai grew them at the three fertility levels and 
calculated the correlations between pairs of environments. 
The correlations were found to be highest for the lines 
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selected under the lowest fertility level, showing that 
these lines had a wider range of adaptability with 
respect to variation in fertility. 
There was thus little overall agreement between 
the two sets of results. 
In the present study, a set of fifteen double-
cross hybrids of Arabidopsis thaliana were used as the 
base population for a programme of artificial selection 
on the character 'fresh weight after 14 days' growth'. 
Three cycles of mass selection were carried out within 
this population under five separate environmental 
regimes, namely the optimum environment and environments 
imposing high stresses with respect to temperature, 
light intensity, mannitol concentration,and nutrient 
concentration respectively. The nature of each of these 
regimes, and the actual selection procedure, have 
been described in Chapter 2 of this report. 
Within each environment, a control population was 
maintained by choosing a set of plants at random from 
the original population and then continuing this proce ss 
in successive generations. A standardised measure of 
selection response was obtained for each cycle of 
selection by subtracting the mean of the randomly-
chosen group of plants from the mean of the corre s ponding 
generation of selected material. 
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Comparisons were made between the rates of genetic 
advance in the different environments, to determine 
whether responses were dependent to any marked extent 
on the nature of gene action. 
Following the period of selection, plants from the 
five selected and randomly-chosen groups were grown 
together in each of the five selection-environments. 
The main interest lay ih the relative magnitudes of 
direct and correlated selection responses within each 
environment. It was also possible to determine, for 
each class of environmental stress, whether selection 
under stress or non-stress conditions had given 
individuals with the superior overall growth rate. 
Within each selection-group there were a number 
of lines. The data for growth in the optimum 
environment and under a high temperature-stress were 
used to determine the magnitude of line x temperature 
interaction effects for the groups of lineswhich had 
been selected ~nder these conditions. In this way, 
it was possible to determine which of the two 
environments had resulted in lines better adapted 
to stress imposed by high temperature. An analogous 
procedure was carried out for each of the three 
remaining classes of stress. 
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5.2 Results: · 
--,--
The results of this section of the study may be 
presented in two parts. In the first part there are 
the means of successive generations for both the 
selected and randomly-chosen material. These means, 
and their standard errors, are set out in Table 5.1. 
The number of plants chosen as parents differed from 
generation to generation, but in each case the value 
given, for both types of material, is for the overall 
mean of the line means. A line is defined as the set 
of offspring from a single parent. 
Within each selection environment, the procedure 
had been to select the 'top' ten plants from the third 
' generation, and also to choose ten plants at random 
from the control population. In each trial using the 
complete set of fourth-generation material, there were 
grown ten progeny of each selected parent and five 
progeny of each randomly-chosen parent, a total of 750 
plants per trial. The second part of the results 
consists of the mean values, and their standard errors, 
obtained in this manner for the complete set of selected 
and randomly-chosen lines. 
in Appendix D. 
These results are presented 
It should be noted that a logarithmic transformation 
was applied to all fresh-weight values prior to 
statistical analysis. 
selection s 
environment or 
R 
s 
optimum R 
R' 
·-
s 
high T R 
R' 
·-
I-
s 
high L R 
R' 
·--·-
s 
high M R 
R' 
·-
s 
high N R 
R' 
-
---------------
____________________ ., 
-
1 
1.626 + .006 
11 
. 
----
1.151 + .030 
" 
1.211 + .011 
1t 
1.286 + .008 
11 
1.083 + .005 
" 
gener ation 
----
2 3 4 
--- ---=-------~---
1.615 + 
1.624 + 
-
1.121 + 
.886 + 
-
.009 
.006 
--
. 019 
.017 
1.531 + .007 
1.541 + .007 
-
.400 '+ .028 
.191 + .025 
----- ·---
1.095 + 
1.028 + 
-
.769 + 
.697 + 
1.038 + 
1.030 + 
---
.007 
.009 
--
.009 
.011 
.004 
.005 
-· 
1.109 + .010 
1.077 + .009 
1.284 + .009 
1.220 + .010 
.994 + .009 
.987 + .010 
1.650 + .006 
1.593 + .009 
lo579 + .004 
~---
1.341 + .017 
1.024 + .022 
1.075 + .013 
--
1.087 + .014 
.817 + .019 
.886 + .011 
-
--
.780 + .024 
.639 + .038 
.607 + .017 
-----
1.040 + .006 
.983 + .007 
.987 + .003 
Table 5.1: responses from selection for increased growth rate in five 
separate environmental regimes. Sand R refer to selected 
and randomly-chosen material respectively, and R' 
to the complete set of randomly-chosen material. 
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5.3 Discussion of Results 
(i) direct responses 
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Within each of the five selection regimes there 
was maintained, as a control population, a randomly-
chosen group of plants. The five groups were included 
as a whole in the fourth-generation growth trials, and 
if the previous experimental procedure had been efficient 
they would have been expected to behave as a homogeneous 
set . The relevant analyses of variance were carried out 
to test this hypothesis of homogeneity, and the variance 
ratio values obtained from these are presented in 
Table 5.2. Values are also given for the proportions 
of the total variance attributable to error effects and 
to differences both between random-groups and between 
lines within groups. 
The difference between random-groups was significant 
only for the high mannitol-stress trial, and it was 
therefore assumed that the randomly-chosen material did 
constitute a homogeneous set. In future discus sion 
of the fourth-generation results, reference will be made 
to both the individual random-group me an s and the 
overall random mean for e ach trial. 
A. absolute responses 
The means of the successive gene rations of se lected 
and randomly-chosen material wer e given in Table 5.1, 
-------- --~-----
components of variance 
- --------·-,-test between between 
environment F(4,45) random-groups lines error 
·--
' 
-
optimum 2,231 NS .049 . 258 .691 
high T 2.228 NS .072 .513 .413 
high L 1.929 NS . 036 .230 .732 
high M 3.423 
* .133 .464 . 402 
high N .280 NS 0 . 440 . 560 
---- --- -
Table 5.2: variance ratio values testing for significance of the differences 
between random-group means. The proportions of the total variance 
attributable to these differences, to the differences between lines, 
and to error effects are also given. (*=significant at the 5% 
level, NS= not significant at the 5% level). 
r 
0 
+"" p, 
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and are depicted graphically in Figures 5.1 to 5.5. In 
three of the cases, namely for selection under optimum 
conditions and under high temperature- and high mannitol-
stresses, the means are seen to have fluctuated to a 
rather marked extent from generation to generation. In 
the main, this behaviour may be attributed to the use 
of different growth-cabinets for successive generations, 
or to other enforced variations of the experimental 
procedure. The means for the remaining two sets of 
results, however, showed the type of decline with 
increasing generation number which would have been 
expected from the effects of dominance. 
Since there were these observed fluctuations in 
generation mean, a more reliable measure of selection 
response is obtained by considering the randomly-chosen 
material as a control population. The standardised 
responses are given in Table 5.3, and are plotted 
graphically in Figures 5.1 to 5.5. A number of nested 
analyses of variance were carried out in order to 
estimate the significance of differences, as shown in 
Table 5.3. 
Although three cycles of selection were sufficient 
to induce a significant positive response within each 
environmental regime, the patterns of responses are 
seen to fall into three classes. Under conditions of 
--- -- ----. 
- -- .. -- -- -·· -- - ·-
selection 
----.....--- gene r~_tj; on 
·---
environment l 2 3 4 4(R 1 ) 
-- -- -
optimum 0 -.009 + .Oll -.OlO + .010 . 058 + .011 .072 + .007 
· NS · NS ** *** 
·-- --- --- -
high T 0 .235 + . 025 .208 + .038 .318 + . 027 .266 + .021 
*** *** ** *** 
·-
-
---·-------·----
high L 0 .067 + .011 .032 + .013 .270 + .024 . 201 + . 017 
* NS *** *** 
·-
-
- -
--
high M 0 .072 + . 015 .064 + .014 .141 + .045 .17 2 + .029 
* * * * 
- ·-.---- - -
high N 0 .009 + .006 .007 + . . 013 .057 + .009 . . 052 + .006 NS NS ** *** 
·-------·-
...__ 
Table 5..!.2..:.. differences in mean between the selected and randomly-chosen 
material. 4(R') is for the case when all of the randomly-chosen 
material is considered in the fourth-generation data. (* ** 
' ' 
***=significant at the 5%, 1%, and 0.1% level respectively; 
NS= not significant at the 5% level). 
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Fir;ure 5.1: response curves from selection for increased 
gro-1-rth rate under optimum conditions. Results are given 
for both the absolute responses of selected and randomly-
chosen material , and for the excess of the former over the 
latter.[:] and IEi are for the overall set of randomly-chosen 
plants. 
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Figure 5.3: response curves from selection for increased growth 
rate under a high li ght intensity-stress. Curves are given for 
both the absolute and relative responses of selected and ran-
domly-chosen material .@ and~ are for the overall set of 
randomly-chosen plants. 
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high temperature-stress, all of the response occurred 
following the first cycle of selection, and further 
selection was apparently ineffectual. This pattern of 
response was unique, and forms the first of the three 
classes. In the second class there are the results for 
selection under a high light intensity-stress and a 
high mannitol-stress, for which the responses from the 
first two cycles of selection were small but significant. 
Finally, when selection was carried out under optimum 
c onditions or under a high nutrient-stress there was no 
significant response until after the third cycle of 
selection. This is the last of the three distinct 
patterns of response which were observed. 
In an attempt to explain these results , a 
theoretical investigation was carried out to determine 
the response which would be expected from selection 
within an infinitely large F 2 population. 
Consider a single locus in an F 2 population, and 
suppose that there are two alleles such that the 'plus' 
allele A1 is dominant to A2 . 
and frequencies be: 
Genotype: A2A2 
Value: g22=0 
Frequency: f22=.25 
Let the genotypic value s 
AlA2 AlAl 
g12= o( g 11= rx. 
f12=·5 f11=. 25 
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The population mean with respect to this locus is 
AA Jc( 1·. 1 = .· .4 · · , with the subscript indicating that this 
parameter refers to generation 1. A parameter d .. will lJ 
be defined for genotype A.A., equal to the deviation 
l J 
of the genotypic value g .. from the population mean. lJ 
Let the phenotypic variance, due to all causes other 
n-2. than segregation at the locus under consideration, be v 
Suppose that truncation selection of intensity. i is 
carried out on this F 2 population, with all individuals 
which exceed the cut-off point x being chosen to 
0 
contribute progeny to the next generation. Following 
Kimura (1958) and Latter (1965), a selective value w .. lJ 
may be defined for genotype A.A. 
l J 
viz, w .. lJ 1 
I d .. ( 1 d .. 
= + ;J ~ + 2~J . 
X ) 
0 ) • 
CT ) 
The frequency of A .. A. 
l J 
in the selected set is then p(A.A.) = 
l J 
W.. f.. h 
~. lJ , were w = 
w 
genotypic frequencies in the next generation, following 
self-fertilisation of the selected individuals, may 
therefore be determined. By repeating this procedure 
for successive cycles of selection it is possible to 
derive curves for the change in population mean. 
Consideration was given to four loci of varying 
proportionate effect, corresponding to o( = 1 and \[ = 1, 
2, 5, and 10. Four cycles of selection were carried out 
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with uniform intensity i = 1.3998, corresponding to 
truncation selection of 20 per cent of the population. 
The expected change in mean for each of these situations 
is presented in Table 5.4, and a graphical representation 
is given in Figure 5.6. 
If individuals were chosen at random in each 
generation, the nth. generation would have an expected 
Values are given in Table 5.4 
for the differences in mean between selected and 
randomly-chosen material in successive generations, and 
representations of these 'standardised' responses are 
given in Figure 5.6. 
Consideration was also given to the case of a 
locus at which the alleles A1 and A2 are additive in 
their effect. The genotypic values are then: 
Genotype: A2A2 
Value: g 22= -~o( 
The selection intensity was considered to be the same as 
for the previous case, and consideration was given to 
the same set of values for o<../'cr . The results are 
presented in Table 5.5, and a graphical representation 
is given in Figure 5.7. For an additive locus of this 
type, randomly-chosen material would have an expected 
mean of zero in each generation. The absolute selection 
proportionate 
effect of 
locus ( oZ/ cr-) 
0.1 
0.2 
0.5 
1.0 
._ ___________ _ 
---~---_, ___ 
measure 
II 
of generation 
response 1 2 3 4 5 
-----
-- - -- --
-.-- -~-
A II . . 7 50 .646 .610 .. 607 .622 
R 
~7:0 
.021 .048 .076 .106 
·+-- - - --
A .667 .654 .676 .713 
R II 0 .042 .092 .145 .198 
-- -- -------
A II .750 . 7 20 .760 .822 .882 
R + 0 .095 .198 .291 .367 
-- --------------
A .750 .781 . .852 .91~ . .954 
R II 0 .156 .290 .383 .438 
- ---- --
Table 5.4: response from selection in an F2 population for loci of varying 
proportionate effects; the 'plus' allele is assumed to be 
dominant. 1A' refers to the absolute response, and 'R' to the 
response relative to the mean of randomly-chosen individuals 
(I= 1.3998). 
I 
f--' 
0 
Cf) 
PJ 
108b 
-- --
proportionate 
effect of eneration 
locus ( o<./v ) 1 2 3 4 5 
-- --
0.1 0 . 017 .044 .074 .106 
0.2 0 . 035 . 087 .145 .203 
0.5 0 .086 .206 .318 .400 
1.0 0 .163 .350 .453 .488 
________ _. 
Table 2..:..2: response from selection in an F 2 population for 
loci of varying proportionate effects. The alleles 
at the loci are assumed to be additive in effect. 
(I= 1.3998) 
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Figure 5.7 : theoretical res ponse curves for truncatiorr1 
selection in an F population, for additive loci of 
a range of propor~ionate effects(a) . Selection intensity 
(T ) = 1 • 3 9 9 8 • 
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response and the standardised response are therefore 
identical in value. 
If selection were to be carried out in an F 2 population 
with subsequent random-mating, the maximum selection 
response would occur following the first cycle of selection. 
This would be the case for loci at which alleles acted 
either additively or with dominance, provided that 
selection favoured the dominant allele in the latter case. 
However, a rather different situation has been shown to 
exist where individuals are self-fertilising. 
The standardised responses for a locus with dominance 
have been given in Table S o4 a The effects of genetic 
segregation are such that the maximum rate of response 
follows the 5th, 4th, 2nd, and 1st cycle of selection 
for loci of proportionate effects 0.1, 0.2, 0.5, and loO 
respectively. The results for an additive locus, as 
presented in Table 5.5, are quantitatively very similar . 
In this case, the maximum rate of response follows the 
d 2 nd . · f an. cycle of selection for loci o 
proportionate effects Oal, 0.2, 0.5, and l oO respectively . 
It may be generally concluded that the larger the effect 
of a locus, the more rapid is the initial response from 
a number of cycles of truncation selection . 
Consider now the actual standardised responses as 
given in Table S~J. It has previously been suggested 
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that the five separate trials fall into three classes, 
depending on the pattern of response from the first two 
cycles of selection. Interpreting this result on the 
basis of the single-locus theory, it would first be 
suggested that selection under a high temperature-stress 
was primarily concerned with relatively few loci of 
large effect .• , .. The initial response was smaller, but 
still significant, for selection under both a high 
mannitol-stress and a high intensity-stress, and it 
would therefore be assumed that loci of smaller effect 
were involved. Finally, under the optimum conditions 
and conditions of high nutrient-stress there was no 
significant response until after the third cycle of 
selection. The presence of many loci of small effect 
would therefore be assumed. 
In all of the above discussion, there is an 
approximation involved in that selection was actually 
carried out within a double-cross-rather than an F 2 -
population. It was therefore possible that, in the 
base population, each locus was represented by several 
heterozygotes, so that the first cycle of selection 
acted primarily upon variation at this level. However, 
the same broad pattern of response would be expected 
for the two types of population, particularly for the 
later generations of selection. 
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B. realised heritabilities: 
The actual selection differential for each cycle of 
selection has been estimated by subtracting the mean for 
the plants chosen as parents from that of the total 
population. 
Table 5. 6. 
The complete set of such values is given in 
In addition, the standard error of the 
population of measurements for each generation has been 
used to determine corresponding values for the 
standardised selection differential (I~ .tJ, and these 
are also set out in Table 5.6. Although the cumulative 
selection differentials were quite variable in magnitude, 
the reduction . to standardised form shows that the total 
selection pressure was approximately the same for the 
five cases. 
In Figures 5.6 and 5.7 there were presented the 
theoretical response curves for selection at an F 2 locus 
in an autogamous population. From these Figures it is 
apparent that the 'standardised' selection responses, 
and hence the realised heritabilities, are approximately 
the same for an additive locus and a locus with dominance 
if these two loci have the same proportionate effect. 
However, the heritability in the narrow sense within the 
initial F 2 population is lower for the case of the locus 
with dominance. The estimates of realised heritability 
selection 
regime 
optimum 
high T 
high L 
high M 
igh N 
l 
i 
i 
i 
i 
i 
l 
i 
i 
----------
cycle of selection 
cumulative 
value 
.175 
. 356 
.125 
.245 
2 3 
.13 2 . 144 
1.208 1.425 
.371 
4.045 
----+----t-----
.395 .451 
1.337 1.506 
1.285 
4.004 
__ ..,_ __ _ 
.114 .156 
1.190 1.340 
.142 .107 
1.069 1.237 
.445 
3.886 
.374 
3. 551 
_llla 
---------
realised 
heritability 
.194 
--------
.207 
. . 452 
------
.460 
--+-------4--
-----+-------------4 
.068 .097 
1.116 .904 
.248 
3.375 
-------
.210 
Table 5.6: absolute and standardised selection differentials 
(i and i), and their cumulative values, for the five 
selection studies. The values for the realised 
heritability are also given. 
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given in Table 5.6 are therefore expected to be over-
estimates of the actual heritabilities for the base 
population. 
Nevertheless, it is unlikely that this factor can 
completely account for the wide variation in magnitude 
of the realised heritabilities. There is a strong 
suggestion that the heritability was greater under 
conditions of light intensity-stress and mannitol-stress, 
and also under conditions of temperature-stress if 
consideration is given to the fact that the major part 
of the response in this instance was produced by the 
first cycle of selection. For these three cases it can 
be said with some degree of certainty that the loci 
involved in the response to selection were generally of 
greater proportionate effect than the loci acting under 
optimum conditions. 
The realised heritability is least for selection 
under the optimum conditions, and in this respect the 
deviation from expectation could not be more marked. 
The previous analyses of F 2 data indicated that the 
heritability should be highest under optimum conditions 
and lowest under a high mannitol-stress (Table 4.11). 
However, there is some measure of overall agreement in 
that for three of the cases the realised heritability is 
within one standard error of the predicted value. 
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(ii) testigg_of the selected material: 
A. relative magnitudes....Q.f..J!irect and £.Q.~lated responses: 
An important aspect of the present study was the 
comparison of direct and correlated selection responses. 
It was for this purpose that the selected and randomly-
chosen material of the fourth generation was grown under 
the whole range of selection-environments. 
It has previously been shown that the separate 
random-groups constitute a relatively homogeneous set 
with respect to environmental response. The complete 
set of random material will therefore be considered 
as a uniform control group for each environmental regime, 
against which the performance of selected plants may be 
measured. 
The extent to which selection was effective may be 
seen from Table 5.7. In this table a value is given 
for the amount by which each selection group exceeded 
the corresponding control group in mean response, for 
the combination of five selection-groups and five 
response-environments. An analysis of variance was 
carried out to test the significance of each of these 
differences, and the variance ratios which were obtained 
are given in Table 5.7. Each analysis was of a nested 
type, since there were ten lines within each selection 
llJa 
-------------------------------·---
response 
environment 
optimum 
selection environment 
---·--·-----,..._ _________________ ,_ 
optimum high T high L high M high N 
·--------------
,_L...-__ 
.0716 .OJJ2 .0494 .0401 .0460 
29.8*** 6.J * 12.9*** 9.4 ** 12.4*** 
1-------·-~-------+----- --,....----..---------1-----·-
high T 
.1594 
5.8 * 
. 2658 .1639 
18.6*** 5.1 * 
.1542 
5.0 * 
---------------------------~--------l~----- --
-.0227 .04JJ 
high L 
0. 6 NS 1. 7 NS 
.2010 
34.2*** 
---·--- ...__,_---t--------t------
-.1547 .1307 
high M 
2. 9 NS 2 .1 NS 
-.2100 
5.9 * 
.0085 
0.1 NS 
-
.1724 
4.3 * 
1----·-----..w.-----------~-------...... -
--
.0128 -.0050 .0337 -.0575 
high N 0 
1.8 NS 0 NS 8.1 ** 19.1*** 
-
.1259 
J.6 NS 
.0951 
6.8 * 
--
-.1125 
2.0 NS 
-
.0524 
V 
23.6*** 
-----------------.a-----------------
Table 5.7: measures of direct and correlated response for the 
five sets of selected material, tested in the five 
selection-environments. Variance ratios ( = F 
(1,58)) are given which test whether these measures 
of response are significantly different from zero. 
(*, **, ***=significant at the 5%, 1%, and 0.1% 
level respectively; NS= not significant). 
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group and fifty lines within the control population of 
randomly-chosen individuals. 
The results are consistent in that, for each 
environmental regime, the response of greatest magnitude 
was shown by the plants which had been selected for 
increased growth-rate within that regime. However, 
correlated responses were significantly positive in a 
number of cases, particularly for growth within the 
optimum environment. At the other extreme, when testing 
was carried out under conditions of high mannitol-stress 
the correlated response was negative for three of the 
selection groups. 
B. comparison of predicted and actu~Eesponses: 
In Chapter 4 of this study, the results were given 
for a series of growth-rate trials using a set of fifteen 
The environmental regimes under which the 
plants were grown included the selection-environments of 
the present chapter. Since both heritabilities and 
genetic correlations were determined, it was possible 
to derive a set of predictions for correlated selection 
responses within these environments, and these have been 
given in Table 4.lJ. The correlated responses were 
specified relative to a value of 1 for the direct response 
within each env~ronment. 
I 
~· 
ll 
r, 
I, 
,; 
1, 
Li 
I 
• 
1, 
ii 
\ 
I· 
t 
~I 
[l 
I, 
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The mean differences of Table 5.7 will be used as 
measures of actual response, although a standardising 
procedure is necessary to ensure that direct responses 
have a value of 1. Comparisonsmay then be made with the 
predicted responses which were given previously in 
Table 4.lJ. The complete set of actual and predicted 
responses are given in Table 5.8, together with the 
rank order of these values within each response-
environment. From both the observed and expected 
results, the general conclusion may be drawn that the 
maximum growth rate in a particular environment 
results from the selection of plants within that 
environment. 
In general, the predicted values do not give an 
accurate guide to selection response as far as 
absolute magnitude is concerned. The predictions were 
made on the assumption that the selection response for 
a set of self-fertilising individuals is a linear 
function of the heritability, as is the case for a 
random-mating population (e.g. see Griffing, 1960). 
The correctness of this assumption may be gauged from 
the results of Tables 5.4 and 5.5, which indicate that 
the rate of change of gene frequency is very nearly a 
linear function of the proportionate effect of the locus 
involved. In this respect an autogamous and an 
l 
I 
- ----
re s ponse type of selection environment 
------ -
environment response 
optimum high T high L high M high N 
--------
-
- -
actual 1 1 .46 5 .69 2 . 56 4 .64 J 
optimum 
predicted 1 1 .36 4 .4J J .64 2 . 29 5 
-
---- - - -
actual .60 J 1 1 .62 2 . 58 4 .47 5 
high T 
predicted .50 2 1 1 .44 J .21 4 .11 5 
--
---
- -
actual -.11 5 0 21 J 1 1 .04 4 .47 2 
high L 
predicted .44 J .J2 4 1 1 -.OJ 5 .67 2 
-
---
- --
i---~---
actual -.90 4 . 76 2 -1.22 5 1 1 -.65 J 
high M 
predicted .99 2 .23 J -.04 5 1 1 .OJ 4 
--
~-
--
- ---
actual .24 J -.10 4 .64 2 -1.10 5 1 1 
high N 
predicted .46 J .12 4 1.02 1 . OJ 5 1 2 
-------
,------~ 
Table 2-!_8: actual and predicted responses from testing of the selected 
material within five environments. Rankings are given for 
the values within each environment. 
r' 
r' 
\..J{ 
}l) 
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allogamous population have similar properties. However, 
there must remain some doubt as to the validity of the 
predictive process used in the present study. 
From Table 4.11 it can be seen that the estimated 
heritabilities are all of a similar magnitude. The 
genetic correlations are therefore of primary importance 
in determining the relative values of predicted responses, 
and in this regard the nature of the true relationship 
between selection response and heritability is of little 
consequence. As may therefore be expected, the predicted 
and actual responses are in reasonable agreement with 
respect to rank order. The correlations between the two 
sets of values are 0.79, 0.96, 0.8J, -.06, and 0.90 for 
material selected under optimum conditions and under 
stress imposed by temperature, light intensity, mannitol 
concentration, and nutrient concentration respectively. 
The five per cent level of significance for a correlation 
coefficient with three degrees of freedom is 0.88, so 
that only two of these values are actually significant at 
the five per cent level. 
In general, however, it is apparent that predictions 
such as were made in the present study would be of value 
in a breeding programme. There was a definite level of 
agreement between the observed and expected values, even 
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though the predictions were appropriate to a .. -set of 
F 2 -hybrids and the actual selection study was carried 
out on a genetically different, although related, double-
cross population. 
C. evaluation of non-stress and stress selection 
environments: 
In a previous section, it was noted that the maximum 
growth rate in a particular environment invariably 
resulted from the selection of plants within that 
environment. An observation of this nature would be of 
significance in a programme of artificial selection if it 
were possible to specify the environment in which selected 
individuals were destined to live. However, the rather 
different situation may arise in which a non-stress and 
a stress environment are available for purposes of 
artificial selection, and it is desired to select out 
individuals exhibiting the maximum mean response with 
respect to these two environments. 
In Table 5 . 8 there were set out the measures of 
direct and correlated response obtained in the present 
study by testing the five selection-groups over the five 
selection-regimes. Consideration will firstly be given 
to the results for stress imposed by high temperature. 
The response for plants selected and tested under optimum 
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conditions was assumed to have a value of 1 unit, and 
from Table 5.8 it can be seen that these same plants, 
when tested under conditions of high temperature-stress, 
showed a response of 0.60 units. The overall response 
was therefore 1.60 units. Similarly, the plants 
selected under high temperature-stress showed an 
overall response of 1.46 units. In addition, it may 
be determined from Table 5.8 that the predicted values 
for these measures of response were 1.50 and 1.36 units 
respectively. The actual and predicted values, which are 
summarised in Table 5.9, therefore agree in indicating 
that plants selected under optimum conditions exhibited 
the superior overall response. 
The remaining three classes of environmental stress 
have been similarly treated, and the results for these 
are given in Table 5.9. In contrast to the results for 
high temperature-stress, the material selected under 
stress conditions invariably exhibited the superior 
overall response. This result is not unexpected when 
reference is made to Table 5.7, in which there were set 
out the direct and correlated responses obtained from 
testing the five selection-groups in the five selection-
environments. The material selected under optimum 
conditions may be seen to have given a positive correlated 
response only when tested under a high temperature-stress, 
environmental 
factor 
temperature 
---
light 
intensity 
-
mannitol 
concentration 
----
nutrient 
concentration 
--
type 
resp 
-
actu 
predi 
-
actu 
predi 
--
actu 
predi 
--
actu 
predi 
of 
ans 
al 
cte 
al 
cte 
al 
cte 
al 
cte 
e 
d 
d 
d 
d 
118a 
selection environ ment 
--- ---------
non-stress 
------
1.60 
1.50 
-----
0.89 
1.44 
------
0.10 
1.99 
-
1.24 
1.46 
st 
1. 
1. 
1. 
1. 
--
1. 
1. 
1. 
1. 
-
ress 
46 
36 
43 
64 
64 
29 
Tabl~.2..:-2= actual and predicted overall responses for material 
selected under non-stress and stress environmental 
conditions, and subsequently tested within each 
environment. 
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while, on the other hand, each of the selection-groups 
exhibited a significant correlated response when tested 
under optimum conditions. 
If the correlated response for material selected 
under a stress environment is greater than that for 
material selected under non-stress conditions, this can 
only be attributed to a higher heritability within the 
stress environment. It was in fact observed that the 
realised heritabilities were consistently greater for 
selection under the various stress environments than 
for selection under optimum conditions, although the 
values for selection under high temperature-stress and 
high nutrient-stress were only marginally greater 
(Table 5. 6). By way of contrast, the heritability in 
an F 2 population was found to be highest for growth 
under the optimum conditions (Table 4.11), and for this 
reason there is little agreement between the predicted 
and actual results of the present · section. 
D. line x environment interaction effects: 
--- -------
To this point, the response to selection has been 
discussed in terms of the increased mean of selected 
over unselected material. However, there were ten lines 
within each of the five selection-groups, and each group 
has therefore been further characterised by the 
measurement ~of line x environment interaction effects. 
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Consider firstly the results for stress imposed by 
high temperature. In the fourth-generation growth trials, 
the plants which had been selected under optimum 
conditions and the plants which had been selected under 
high temperature-stress were grown together in the two 
selection-environments. A two-way analysis of variance, 
with lines and environments as main factors, has been 
carried out on the resulting data for each selection-
group to give the variance ratios which are shown in 
Table 5.10. The corresponding values are also given 
for the fifty lines which comprised the randomly-chosen 
material. 
A highly significant line x environment interaction 
effect would indicate that the lines formed a decidedly 
heterogeneous set with respect to phenotypic stability. 
Conversely, a low-order interaction effect would 
indicate a uniform level of adaptation within the set of 
lines, using 'adaptation' in the sense of Frey (1964). 
For the case of a stress imposed by high temperature, 
the difference between lines and the line x environment 
interaction effects were highly significant for each of 
the three groups of plants, namely the two selection-
groups and the random-group. The _analysis has therefore 
been carried further by the estimation of components of 
variance attributable to differences between lines, line 
stress 
factor component 
-------- -- ---- ---------, 
selection environment 
tt-------
optimum high stress 
random 
group 
I -:;::: -- II ----=i==-----~ ·· ~ 
--- :====1 
temperature 
light 
intensity 
mannitol 
lines 
lines x environment 
---- -------
lines 
lines x environment 
-------
lines 
7.82*** 
5.08*** 
---
1.85 NS 
2.53 * 
----
9.83*** 
3-59*** 
4.48*** 
---
7.82*** 
5.14*** 
6.53*** 
7-35*** 
-------
2.53*** 
2.87*** 
---~~~-----; 
concentrationllines x environment II 7.58*** 
2.76 ** 
2.38 * 
6.85*** 
7.09*** 
-----+--------------- ----------1------- ---------1 
lines 
~utrient 
concentrationllines x environment 
5.43*** 
2.23 * 
4.14*** 
3.15 ** 
3-53*** 
2.45*** 
--------------- -- ------
_________ ... 
Table 5.10: growth of the selected material under non-stress and stress 
conditions; variance ratios testing for significance of the 
difference between lines and the line x environment 
interaction effect. 
(* , **, ***=significant at the 5%, 1%, and 0.1% level 
r espectively; NS= not significant at the 5% level). 
1-1 
I\) 
0 
p, 
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x environment interaction, and error. The estimation 
procedure was based on the expressionsfor expected · 
mean squares which were given previously in Section 2.5. 
The absolute and proportionate values of the three 
components are given in Table 5.11. The proportion of 
the total variance attributable to line x environment 
interaction effects is approximately the same for 
plants selected under optimum conditions and under high 
temperature-stress, and these proportions are uniformly 
less than that for the randomly-chosen group of plants. 
It would appear that the two environmental regimes are 
approximately equivalent in their capacity to 
differentiate well-adapted lines. 
A similar procedure has been carried out for the 
remaining three classes of environmental stress, and 
the results of these analyses are presented in Tables 
5.10 and 5.11. No general tendency is immediately 
obvious from inspection of the variance ratios of 
Table 5.10. However, from Table 5.11 it can be seen 
that the proportion of the total variance attributable 
to interaction is greater for the material selected 
under stress conditions for three of the four classes 
of environmental stress. Conversely, in three of the 
four cases the difference between lines is greater for 
the material selected under non-stress conditions. 
-stress 
factor 
temperature 
light 
intensity 
- -
_T ____ 
I 
selection environment 
!component I 
random 
optimum stress group 
--- ·--- - --
lines II .00949 .00218 . 0215 4 
20.4 9.1 __ 20 .J 
- - --
lines x environment II .01134 I .00587 L .02882 
_ __....._24-=-1..._---L-2!:!~ 46 .1_ I 
error .02581 
55.3 
.01598 
66.5 
. 020 32 
32.9 
I ~----+-- +~~~ 
lines .00076 
4.6 
.00415 
20.2 
. 0025 6 
11.2 1------- - -- ~--~------------
lines x environment II . 00271 J_ . 00504 _J . 00625 
-it-__!2~-- _ 24. 5 -~L __ 
error 
__ _,._ 7~~i10 _j_5~~~3~_J_6~~t02 __ 
.01994 J .00258 J_ .02303 
--- ------H-22-=-5__ ___]_.!.2__ __?.!._=-2 __ _ 
lines 
mannitol llines x environment II .02973 .00405 .04795 
concentration __ __ __ ____JJ__2..l.:..2..___ 11.8__ ___4_5_._6 ____ _ 
error .03898 .02765 .03424 1-------,- II 44.0 80..:2__ _J..?.5 I 
lines .00092 .00052 .00098 
__!_',h2.__ _1~ I 
. 00071 . 00113 
--- _18.6_ _21.9 __ _ 
error 
.00340 1 .00261 J_ .00302 
-!------- _10.4_ 67 . .2_ 58.9 I 
Table 5.11 : growth of the selected material under non-stress and stress 
conditions; variance components from the two - way analyses 
with lines and environments as main factors. Components are 
given both as absolute values and as percentages of the 
total variance . 
f-1 
I\) 
f-1 
~ 
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If any general conclusion were to be drawn from 
these results, it would therefore be that selection 
under non-stress conditions gives rise to lines of more 
similar phenotypic stability than selection under stress 
conditions. However, it would seem that the lines 
selected under stress conditions are more often alike 
in their overall mean than plants selected under non-
stress conditions. 
It must be remembered that the effects have been 
measured by means of the analysis of variance. A 
significant interaction effect may therefore be due to 
one or more of a number of causes, including changes in 
the ranking of lines with change in environment, ,or 
environmentally-induced variations in the scale of 
genetic effect. 
5.4 Conclusions: 
(i) rat~.2.f_geneti_£2.d~nce: 
The results of the present chapter demonstrates the 
possible dependence of a selection response on the 
nature of the external environment. The five separate 
base populations used in the selection studies were 
derived from the same set of double-cross hybrids j and 
the values for the cumulative selection differentials 
(Table 5.6) indicated that the selection pressure was 
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approximately the same within each environment. 
Nevertheless, a unique pattern of response was observed 
within each environment, and this result can only be 
attributed to the occurrence of environmentally-
induced variations in genetic effect. 
For a polygenically inherited character, variation 
in gene action is most significantly expressed at the 
population level as a change in the scale of genetic 
effect, or as a change in the relative magnitudes of 
additive and non-additive genetic effects. However, 
the results of the theoretical study for selection in 
an F 2 population indicated that changes of the latter 
type would have very little effect on a standardised 
selection response; it was found that, for a locus of 
given proportionate effect, the contribution to the 
standardised selection response is approximately the 
same regardless of whether the alleles at the locus 
act additively or with dominance. It would therefore 
be concluded that the different rates of genetic 
advance in the different environments were primarily 
due to variation in the proportionate effects of loci. 
In particular, it is apparent that loci of large 
effect were involved in the response from selection 
under conditions of high temperature-stress, since 
there was a significant early response. On the other 
124 
hand, the initial response was not very great for 
selection under optimum conditions or under a high 
nutrient-stress, and it is therefore concluded that 
these responses were primarily concerned with loci 
of small effect. This inconstancy of genetic effect 
is reflected in the varying magnitudes of the 
realised heritabilities in the different environments. 
(ii) realised heritabilities: 
From the results for three cycles of selection 
the realised heritability was shown to be lowest for 
selection under optimum conditions. Although there 
are difficulties in interpreting this result due to 
the effects of dominance, there is every indication 
that the heritability in the base population was 
higher under conditions of light intensity- 9 mannitol-, 
and temperature-stress than under the optimum 
conditions for growth. It may be noted that Griffing 
and Langridge (1963) estimated the heritability within 
an F 2 Arabid~is population at a range of temperatures, 
and found the value to be considerable higher at the 
extreme temperatures than under the optimum growth-
conditions. 
The results of both the actual and the theoretical 
selection studi~s serve to emphasise the fact that 
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selection in an inbreeding organism is a quite distinct 
problem from selection in an outbreeder. It was noted 
that the maximum genetic advance is expected to follow 
the first cycle of selection in an F 2 population for 
which mating is at random. By way of contrast, for an 
inbreeding organism the maximum rate of response may 
not be attained until several cycles of selection have 
been carried out, depending on the intensity of 
selection and the proportionate effects of the loci 
involved. 
If the actual change in generation mean is 
considered, rather than the 'standardised' selection 
response, the presence of loci exhibiting dominance 
may in fact cause an initial negative response in an 
inbreeding population. This phenomenon may account in 
part for the poor responses which were observed by Frey 
(1964) for selection in oats, and by Atkins (1953) for 
selection in barley. It was not possible to detect such 
an effect in any of the present selection studies 
because of the large random fluctuations in the generation 
means. 
(iii) 
For the selected material of the fourth generation, 
the highest growth rate within a particular selection-
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environment was invariably shown by plants which had 
been selected for superior performance within that 
environment. In no case was there a correlated response 
greater than, or even as great as, the direct response 
with a particular environment. A similar result was 
obtained by Falconer (1960a) in selecting for both 
increased and decreased growth rate of mice on high and 
low planes of nutrition. Within each environment, 
the correlated response was found to be always of a 
lower magnitude than the direct response for 
individuals selected within that environment. 
The result of both the present study and the study 
of Falconer (1960a) therefore support the proposal of 
Falconer (1952) and Fowler and Ensminger (1960), that 
selection for improvement of a character should always 
be carried out in the environment of subsequent growth. 
There is an important distinction to be made 
between the situation discussed in the preceeding 
paragraphs, and the situation in which artificial 
selection is carried out to improve the overall 
performance of a strain. For the latter case, each 
class of environmental stress used in the present study 
was considered in turn, and it was determined whether 
the non-stress or the stress selection-environment had 
resulted in individuals with the superior mean 
127 
performance over both regimes. For three of the four 
cases, the overall performance was decidedly greater for 
individuals which had been selected under stress 
conditions. 
A similar result was obtained by both Falconer 
(1960a) and Fowler and Ensminger (1960), in their 
selection studies on growth rate in mice and swine 
respectively. In each of these studies the selection 
of individuals under non-stress conditions was found to 
be less effective in producing a significant correlated 
response than selection under conditions of environment a l 
stress. It was similarly observed in the present study 
that the material selected under optimum conditions 
gave a significant correlated response only when tested 
under conditions of high temperature-stress, but that 
each set of plants selected under stress conditions gave 
a positive correlated response when grown in the optimum 
environment. 
The practical situation may arise in which artifici a l 
selection may be conveniently carried out in either a 
non-stress or a stress environment. If the selected 
individuals are expected to subsequently encount er b oth 
of these environments, then the above evidence s u gge sts 
that selection should be carried out in the environment 
which is less favourable. 
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An important point arises from the discussion of 
the present sub-section. In considering the suitability 
of different environments for purposes of artificial 
selection, it is apparent that meaningful conclusions 
can be drawn only if the conditions of subsequent 
growth are defined. The conclusions of Falconer (1960a) 
and Fowler and Ensminger (1960), as stated at the 
commencement of this chapter, appear to be contradictory 
when in point of fact they appertain to rather different 
problems. The results of these two studies and those 
of the present study are seen to agree well once the 
problem has been defined. 
(iv) 
A set of predictions for the correlated responses 
to selection, based on the analysis of data for a set 
of F 2-hybrids, were given in the preceding chapter of 
this report. As far as absolute magnitude was concerned , 
there was found to be very little agreement between 
these predicted responses and the actual responses as 
given in the present chapter. However, for respons e 
measured in any one environmental regime the prediction 
did give a fairly accurate indication of the rank order 
of the selection-groups with respect to mean growth rate. 
The predicted rankings would have been vir t u a lly 
unchanged if the heritability had been assumed t o be a 
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constant, and only the relative magnitudes of the genetic 
correlations had been considered. This result suggests 
that genetic correlations are of primary importance in 
matters concerning the environment and selection. 
(v) levels of adaptation: 
The values for the line x environment interaction 
effects gave a general indication that lines selected 
under non-stress conditions may be expected to form a 
more homogeneous group, with respect to phenotypic 
stability, than lines selected under stress conditions. 
In this respect the results are similar to those of 
Frey (1964), but disagree with those of Gotoh and 
0 sanai ( 19 59) . 
However, a generalisation of this nature would be 
of doubtful significance from a practical point of view. 
It is not valid to say, as Frey has done? that a non-
significant interaction effect is an indication of 
'good or broad adaptation' of lines. For example , a 
low interaction would result if the lines were uniformly 
unstable to environmental stress. Conversely , an 
interaction mean square may be highly significant due to 
the markedly superior phenotypic stability of a small 
number of lines, and the presence of these lines from 
selection in one environment may be desirable if the 
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alternative selection-environment fails to discriminate 
such lines. 
It has previously been concluded, on the basis of 
the mean responses of selected individuals, that 
selection should be carried out in a stress environment 
in order to maximise the overall response. If the 
magnitude of interaction effects were used as a measure 
of genetic worth, it would be concluded that a non-
stress environment is the more suitable. It follows 
from tb,is lack of agreement that .little useful 
information is gained from the measurement, in selected 
material, of interaction effects alone. 
6 . 1 
CHAPTER 6 
GENERAL DISCUSSION 
the results and their implications: 
(i) collating the r~lts: 
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The results of the present study are of significance 
in that they demonstrate a dependence of gene action on 
the nature of the external environment. Also of 
significance is the observed agreement between the three 
separate investigations of genetic effect, and further 
attention will now be given to this aspect of the 
results . 
The data for growth of the three generations of 
plants at different levels of environmental stress 
revealed a significant increase in the degree of 
heterozygote advantage with increasing temperature. 
Similar but less marked effects were produced by lowering 
the light intensity and increasing the concentration 
of mannitol in the growth medium. Finally, a lowering 
of the concentration of nutrients in the growth medium 
caused no differential response in the growth rates of 
the three generations of plants. The increase in 
heterozygote advantage with increasing stress is 
attributable to either an increase in the average degree 
of dominance for loci controlling the gro\th rates of 
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plants, or an increase in the proportionate effects of 
loci for which one allele is dominant. It is necessary 
to assume that the dominance is primarily of the 'plus' 
alleles with respect to increased growth rate. 
From the diallel analyses of F 2 data there maybe 
noted a consistent tendency for the degree of dominance 
to increase with increasing stress. The results for 
temperature-stress are inconclusive, but of the three 
remaining classes of stress the most significant effect 
was produced by an increase in the mannitol 
concentration. Lowering the light intensity increased 
the degree of dominance to a lesser extent, and again 
the nutrient treatment was the least effective. At 
the single-locus level, this general result can only 
be attributed to a real effect of stress on the average 
degree of dominance for a proportion of the segregation 
loci. Dominance may equally as well be of the 'plus' 
or 'minus' allele at each locus. 
From the results of the selection studies it is 
possible to draw conclusions as to the genetic 
situation within each selection-environment. It is 
evident that loci of large proportionate effects were 
involved in the response to selection under high 
temperature-stress, but that loci of small effect were 
operating under optimum conditions and under a high 
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nutrient-stress. An intermediate class of response was 
obtained for selection under both a high light intensity-
stress and a high mannitol-stress~ and it is therefore 
apparent that loci of intermediate proportionate effects 
were operating under these conditions. The particular 
measure of selection response which was used does not 
allow of any statement on the relative degrees of 
dominance for the different environmental regimes. 
The results of the three separate investigations 
therefore indicate a two-fold effect of environmental 
stress on gene action, since both the degree of dominance 
and the proportionate effects of loci were found to 
increase as the environmental conditions became 
increasingly sub-optimal. The most significant effects 
were invariably produced by the imposition of a high 
temperature-stress, while the nutrient treatment was 
in all cases the least effective. It was further 
observed, as a result of growing the parental races 
under stress and non-stress conditions, that these 
homozygous genotypes varied considerably in their 
capacity to exhibit phenotypic stability. It was 
generally the case that two or three of the races were 
markedly affected by stress while the remaining races 
proved to be uniformly more stable ... 
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In an attempt to reconcile these three observed 
effects of environmental stress, consideration will be 
given to the case of a single locus with two alleles. 
Suppose that under optimum conditions the degree of 
dominance is zero, as was observed to be the case in 
the present study. If the effect of a stress 
environment is to increase the proportionate effect 
of the locus, while leaving the relative values of 
the three genotypes unchanged, then the degree of 
dominance will be likewise unchanged. Similarly, it 
is possible for the degree of dominance to be increased 
with no associated change in the proportionate effect 
of the locus. However, if the effect of the stress 
environment is to cause a greater decrease in value 
for the 'minus' homozygote than for both the 'plus' 
homozygote and the heterozygote, then there will result 
an increase in both the degree of dominance and the 
proportionate effect of the locus. In effect, this model 
assumes that the genes conferring stability are 
dominant to their less stable alleles in the capacity 
to withstand environmental stress. 
It is therefore suggested that a genetic mechanism 
of this type was involved in the responses to stress 
imposed by high temperature, low light intensity, and 
high mannitol concentration. To account for the less 
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significant effects of the nutrient stress, it must be 
assumed that either the proportionate effects of the 
loci were relatively invariant or else that the alleles 
of varying stability are additive in their effect 
regardless of the nutrient status. 
The observed dependence of gene action on the 
nature of the external environment has a bearing on 
several issues of practical importance: 
(ii) implication§_in the field of plant-breeding: 
The results of a number of growth-trials involving 
self-fertilising species were considered by Matzinger 
(1963), and it was noted that for this class of plants 
a major part of the genetic variation is generally 
attributable to the additive effects of genes. The 
findings of the present study are in agreement with 
this general observation, in that general combining 
ability effects were highly significant under the 
optimum growth conditions. When this is the genetic 
situation, primary consideration should be given to 
selection schemes which utilise additive genetic 
effects. 
The observed tendency for the proportionate effects 
of loci to increase with an increasing degree of 
environmental stress suggests that selection on the 
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basis of additive genetic effects should also be 
effective under unfavourable conditions. Howevyr ;. the 
associated increase in the average degree of dominance 
suggests that selection on the basis of non-additive 
genetic effects should generally be more effective when 
conditions do not favour plant growth. The derived 
material would then be hybrid in nature. 
In considering the relative merits of homozygous 
and heterozygous plant material, Matzinger (lac.cit.) 
has noted that transgressive segregation is not uncommon 
within self-fertilising species. Examples of this 
J?henomenon are found in the work of Smith (1952) and 
Powers (1952), using F 1 hybrids of Nicotian.§;._~tica 
and the tomato respectively. In each case there were 
isolated lines which surpassed not only the parental 
varieties but also their hybrid in mean performance. 
However, trials such as these are most often carried 
out under environmental conditions which are favourable 
to plant growth but which do not favour the expression 
of heterozygote superiority. A further point concerns 
the source of the material used in the actual 
comparison. 
The homozygous plants used are the extreme 
segregants, and may therefore be considered to re s ul t 
from truncation selection within the hybrid popula t i on . 
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A similar period of selection for specific combining 
ability may result in a hybrid with mean growth rate 
exceeding that of the parental hybrid, particularly if 
the parental varieties are not completely inbred, In 
this situation a valid comparison could be made between 
the two sets of selected material. It is therefore 
apparent that although transgressive segregation has 
often been observed to occur, it may be necessary to 
view the practical significance of this phenomenon with 
some degree of reservation. 
For the material tested in the present study, the 
one definite conclusion may be drawn that selection for 
specific combining ability would be more effective under 
stress than under non-stress environmental conditions. 
The results of similar studies suggest that this may be 
generally so for plant species which are predominantly 
self-fertilising. It cannot be said whether the 
derived hybrid material would be superior in growth 
rate and phenotypic stability to selected homozygotes. 
Four classes of environmental stress were imposed in 
the present study, and for each of these there did 
exist at 1east one parental race of comparable 
phenotypic stability to the more heterzygous material. 
However, the superiority of a particular race was 
generally unique to a single component of the 
.:. 
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environment, in contrast to which the double-cross hybrids 
exhibited a high level of stability regardless of the 
nature of the stress. 
(iii) effects of epistasis: 
The genetic analyses have been interpreted on the 
assumption that all non-additive effects were due to the 
dominance eff~_c_:t;s ~:f inciiviq.u~l _lo_ci. •· .. _.;IP .. . ~P;;;i..B_ ~(;gard some 
significance may be attached to the experimental work 
with self-fertilising species carried out by Brim and 
Cockerham (1961) and Matzinger et al. (1960). Using 
soybeans aµd Nicotiana tabacum respectively, these 
workers demonstrated the existence of significant 
epistatic ef{ects, in particular the additive x additive 
class of effect, for~ number of plant characters. 
Consideration will therefore be given to the possible 
effects of epistasis on the interpretations and 
conclusions of the present study. 
It may first be noted that if epistatic effects 
were involved in the superior stability of heterozygotes 
to environmental stress, then these would necessarily 
be of the additive x dominance or dominance x dominance 
classes of effect. With these epistatic effects as the 
sole determinants of stability, it would not be possible 
to derive phenotypically stable homozygotes. However, 
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it is probable that non-allelic inter~ction involving 
dominance is relatively insignificant for populations 
with a history of self-fertilisation .. 
Secondly, the degree of dominance within a 
particular environment was measured as the ratio 
(0-2 / ) ~ ( s; ·q 2 ) • Using the model of Griffing (1956) for 
( g ) 
specifying genotypic variance in terms of additive, 
dominance, and first-order epistatic effects, the 
components of 0- 2 and~ may be written as g s 
n- 2 = 1 n-2 1 ,,..2 
v g 2 v A+ 4VAA 
2 
and 0- : 
s 
2 1 2 2 2 
= 0-D + 2 0-AA + Q" AD + (TDD • 
Therefore bpth the numerator and the denominator of the 
degree of dominance involve terms in 2 (T AA. This fact, 
together with the pr9bable insignificance of epistatic 
effects involving dominance, results in little likelihood 
of there having been a serious bias in the degree of 
dominance due to the interaction of loci. 
The third investigation of genetic effect involved 
the artificial selection of ipdividuals withip a number 
of stress and non-stress environmental regimes. 
Propagation was by self-fertilisation, and additive x 
additive epistatic effects could therefore have played 
a significant part in the response to selection. 
However, there · are no reports of a theoretical study 
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investigating the effects of epistasis on selection 
responses for self-fertilising individuals, and it is 
therefore difficult to discuss the responses of the 
present study in terms of this class of gene action. 
In the light of the above discussion, the assumption 
of no non-allelic interaction appears to have been 
reasonable. The question could be resolved in the 
future by an estimation of epistatic effects under 
different environmental regimes; fo·r thi.s purpose, 
methods such as those of Hayman (1958) or Horner and 
Weber (1956) would be suitable. 
6.2 Arabido.E_§is ~~~~h organism: 
There are relatively few reports of laboratory 
studies, particularly in the field of artifical 
selection, for which Arabidopsis .~as been used as the 
experimental material. This concluding section will 
therefore be devoted to a reassessment of the 
usefulness of Arabidopsis as a research organism. 
A major advantage which arises from the method 
used for the culture of plants is that the culture 
conditions can be replicated with a high degree of 
precision. A reliable measure of a genotypic mean 
may therefore be obtained with only a relatively 
small number of plants. The agar culture technique 
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also enables environmental conditions to be replicated 
in time with reasonable exactness, and indeed this 
factor was a necessary feature of the present selection 
studies. 
An additional feature of the culture technique 
is that inter-plant competition can have no effect on 
the growth rates of plants. Sakai (1955) showed that 
the competition factor may be of considerable 
significance for plants grown in tne field. 
In the aseptic culture method, plants are grown on 
an artificial medium under an artificial external 
environment. The use of this method may therefore 
introduce some doubt as to the generality of the 
results obtained, particularly for trials investigating 
the qu~litative effects of environment on plant growth. 
In a selection study, however, the main concern is with 
the genetics of the situation, and the degree of 
artificiality of the environment is of no real 
consequence. For this reason, Arabidopsis would seem to 
be well-suited for use as a model organism in studies 
concerned with the response to artificial selection 
in a self-fertilising species. It is possible to select 
for increased fresh weight of plants, a character 
-
closely connected with fitness, and the technique used 
in the present study ensures the survival of plants 
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following weighing and re-planting. Since the plants 
experience the conditions of the selection environment 
for only a short period of time, following which 
flowering and seeding occur within a more normal 
environment, there can be no possibility of a 
'conditioning' effect of the selection-environment such 
as was observed by Durrant (1958) for flax plants. 
It is therefore suggested that Arabidopsis may be 
conveniently used as a model organism for investigat i ons 
on artificial selection within autogamous populations. 
If theoretical work in this field were carried out in 
the f~ture, then Arabido.l2.§iS would appear to be a 
suitable plant with which to test the resulting 
predictions. 
CHAPTER__1_ 
REFERENCES 
143 
Abplanalp, H., 1962 Modification of selection limits 
for egg number 
Genet. Res.,]: 210 - 25 
Allard, R.W., and A.D. Bradshaw, 1964 
Implications of genotype-
environment interaction in 
applied plant-breeding 
Crop Sci., 4: 503 - 08 
Atkins, R.E., 1953 Effect of selection upon bulk 
hybrid barley populations 
Agron. J., ~: 311 - 14 
Becker, W.A., 1964 Heritability of a response to an 
environmental change in chickens 
Genetics, 50: 783 - 88 
Brim, C.A., and C.C. Cockerham, 1961 
Inheritence of quantitative 
characters in soybeans 
Crop Sci., 1: 187 - 90 
Comstock, R.E., and H.F. Robinson, 1952 
Estimation of average dominance 
of genes: 'Heterosis', ed. J.W. 
Gowen 
Iowa State College Press: Ames 
Pp. 494 - 516 
Comstock, R.E., H.F. Robinson, and P.H. Harvey, 1949 
A breeding procedure designed to 
make maximum use of both general 
and specific combining ability 
J. Amer. Soc. Agron., 41: 360 -
67 
Curnow, R.N., 1963 Sampling the diallel cross 
Biometrics, 1.2= 287 - 306 
144 
Dobzhansky, Th., and B. Wallace, 1953 
Falconer, D.S., 1952 
Falconer, D.S., 1960 
Falconer, D.S., 1960a 
Finlay, K.W., 1963 
The genetics of homeostasis in 
Drosophila 
Proc. Nat. Acad. Sci., Wash., 
].2: 162 - 71 
The problem of environment and 
selection 
Amer. Nat., 86: 293 - 98 
'Introduction to Quantitative 
Genetics' 
Oliver and Boyd: Edinburgh and 
London 
Selection of mice for growth on 
high and low planes of nutrition 
Genet. Res., 1: 91 - 113 
Adaptation - its measurement and 
significance in barley breeding 
Proc. 1st Int. Barley Genetics 
Symp., Wageningen Pp. 351 - 59 
Finlay, K.W., and G.N. Wilkinson, 1963 
The analysis of adaptation in a 
plant-breeding programme 
Aust. J. Ag. Res., 6: 742 - 54 
Fowler, S.H., and M.E. Ensminger, 1960 
Frey, K.J., 1964 
Interactions between genotype 
and plane of nutrition in 
selection for rate of gain in 
swine 
J. Anim. Sci., _!2: 434 - 49 
Adaptation reaction of oat strains 
selected under stress and non-
stress environmental conditions 
Crop Sci., 4: 55 - 58 
Fyfe, J.L., and N. Gilbert, 1963 
Partial diallel crosses 
Biometrics, l.2.= 278 - 86 
145 
Gotoh, K., and S. Osanai, 1959 
Griffing, B., 1956 
Griffing, B., 1960 
Efficiency of selection for yield 
under different fertiliser levels 
in a wheat cross 
Jap. J. Br., 2= 173 - 78 
A generalised treatment of 
diallel crosses in quantitative 
inheritance 
Heredity, 10: 31 - 50 
Theoretical consequences of 
truncation selection based on 
the individual phenotype 
Aust. J. Biol. Sci., .l}: 307 - 43 
Griffing, B., and J. Langridge, 1963 
Phenotypic stability of growth 
in the self-fertilised species 
Arabid£.12§iS thal~na 
'Statistical Genetics and Plant 
Breeding'. NAS-NRC, ~: 
368 - 94 
Hammond, J., 1947 Animal breeding in relation to 
nutrition and environmental 
conditions 
Biol. Rev., 22: 195 - 213 
Hayman, B.I., 1958 The separation of epistatic 
from additive and dominance 
variation in generation means 
Heredity, 12: 371 - 90 
Horner, T.W., and C.R. Weber, 1956 
Theoretical and experimental 
study of self-fertilised 
populations 
Biometrics, 12: 404 - 14 
Hull, P., and R.S. Gowe, 1962 
The importance of interactions 
detected between genotype and 
environmental factors for 
characters of economic significance 
in poultry 
Genetics,~: 143 - 59 
146 
Hull, P., R.S. Gowe, S.B. Slen, and R.D. Crawford, 1963 
A comparison of the interaction, 
with types of environment, of 
pure strains or strain crosses 
of poultry 
Jones, D.F., 1958 
Genet. Res., 4: 370 - 81 
Heterosis and homeostasis in 
evolution and in applied genetics 
Amer. Nat.,~: 321 - 28 
Kempthorne, O., 1957 'An Introduction to Genetic 
Statistics' 
John Wiley and Sons, Inc. : 
New York 
Chapman and Hall, Ltd: London 
Kidwell, J.F., A.E. Freeman, L.H. Haverland, and G.M.H. 
Kimura, M., 1958 
Korkma.n, N., 1953 
Langridge, J., 1957 
Langridge, J., 1962 
Langridge, J., 1963 
Rolfes, 1964 
Genotype x environment interaction 
in Tribolium castaneum 
Genet. Res., 2: 335 - 40 
On the change of population 
fitness by natural selection 
Heredity, 12: 145 - 67 
Versuch einer Vergleichenden 
Nachkommenschaftsuntersuchung 
von Bullen due in Herden mit 
Verschieden starker Filtterung 
wirken 
Z. Tierz. ZilchtBiol., 61: 375 
The aseptic culture of Arabidopsis 
thaliana (L.) Heynh. 
Aust. J. Biol. Sci., 10: 243 - 52 
A genetic and molecular basis for 
heterosis in Arabidopsis and 
Drosophila 
Amer. Nat., -2_2: 5 - 28 
The genetic basis of climatic 
response: 'Environmental Control 
of Plant Growth' 
Academic Press: New York 
Pp. 367 - 79 
Latter, B.D.H., 1965 
Lawrence, M.J., 1965 
Lewis, D., 1955 
Lewontin, R.C., 1957 
The response to artificial 
selection due to autosomal genes 
of large effect 
1. changes in gene frequency at 
an additive locus. 
Aust. J. Biol. Sci., 18: 585 -
98 
Variation in wild populations of 
Papa~ dubium 1. variation within 
populations: diallel crosses 
Heredity, 20: 183 - 204 
Gene interaction, environment 
and hybrid vigour 
Proc. Roy. Soc. B, 144: 178 - 85 
The adaptation of populations to 
varying environments 
Cold Spr. Harb. 'Symp. Quant. Biol. , 
22: 395 - 408 
Mason, I.L., and A. Robertson, 1956 
Matzinger, D.F., 1963 
The progeny_ ·testing oI' dairy. 
bulls at different levels of 
production 
J. Agric. Sci., .±1_: 367 - 75 
Experimental estimates of genetic 
parameters and their applications 
in self-fertilising plants 
'Statistical Genetics and Plant 
Breeding' NAS-NRC, ~: 253 - 79 
Matzinger, D.F., T.J. Mann, and H.F. Robinson, 1960 
Genetic variability in flue-
cured varieties of Nicotiana 
tabacum 
Morley, F.H.W., 1956 
1. Hicks Broadleaf x Corker 139 
Agron. J., ~: 8 - 11 
Selection for economic characters 
in Australian Merino sheep 
7. interactions between genotype 
and plane of nutrition 
Aust. J. Agric. Res. 1: 140 - 46 
148 
Morse, R.N., and L.T. Evans, 1962 
Design and development of CERES-
an Australian phytotron 
J. Agric. Eng. Res., z: 128 - 40 
Osman, A.H., and G.E. Bradford, 1965 
Parsons, P.A., 1959 
Pederson, D.G., 1966 
Powers, L. 1952 
Sakai, K., 1955 
Scheffe, H., 1959 
Effect of environment on 
phenotypic and genetic variation 
in sheep 
J. Anim. Sci., 24: 766 - 74 
Genotypic-environmental 
interactions for various 
temperatures in Dro~hila 
melan.£g_§.s ter 
Genetics, 44: 1325 - 33 
The expected degree of 
heterozygosity in a double-cross 
hybrid population 
Genetics, 51: (in press) 
Gene recombination and heterosis 
'Heterosis', ed. J.W. Gowen 
Iowa State College Press: Ames 
Pp. 298 - 329 
Competition in plants and its 
relation to selection 
Cold Spr. Harb. Symp. Quant. 
Biol., 20: 137 - 57 
'The Analysis of Variance' 
John Wiley and Sons: New York 
Shank, D.B., and M.W. Adams, 1960 
Smith, H,H., 1952 
Environmental variability within 
inbred lines and single crosses 
of maize 
J. Genet., 21.: 119 - 25 
Fixing transgressive vigour in 
Nicotiana rustica 
'Heterosis', ed. J.W. Gowen 
Iowa State College Press: Ames 
Pp. 161 - 74 
149 
Sprague, G.F., and W.T. Federer, 1951 
Stebbins, G.L., 1957 
A comparison of variance components 
in corn yield trials 2. error, 
year x variety, location x variety 
and variety components 
Agron. J., 43: 535 - 41 
Self-fertilisation and population 
variability in the higher plants 
Amer. Nat.,.2l_: 299 - 324 
Steel, R.G.D., and J.H. Torrie, 1960 
Thoday, J.M., 1955 
Thurling, N., 1966 
'Principles and Procedures of 
Statistics, with Special Reference 
to the Biological Sciences' 
McGraw-Hill Book Co., Inc. : New 
York 
Balance, heterozygosity, and 
developmental stability 
Cold Spr. Harb. Symp. Quant. 
Biol., 20: 318 - 26 
Genetic studies in the genus 
Cardamine, with special reference 
to the evolution of the genus 
in Eastern Australia 
Ph.D. thesis: Aust. Nat. University 
library 
VanVleck, L.D., and G.E. Bradford, 1964 
Heritability of milk yield at 
different environmental levels 
Anim. Prod., 6: 285 - 90 
Waddington, C.H., 1957 'The Strategy of the Genes' 
George Allen and Unwin Ltd: 
London 
150 
CHAPTER 8 
APPENDICES 
(a) ma.jar l}J!trient.....§_olution: 
(b) 
salt 
KH 2Po 4 
KN0 3 
Ca(No 3 ) 2 . 4H20 
Mgso 4 . 7H20 
. 002 
.004 
.002 
gms./litre 
. 27 2 
.607 
.945 
.493 
Dissolve these salts one at a time in the required 
amount of distilled water. 
minor nutrient solution: 
-----
salt gms . 
Na 2B4 o 7
. lOH 20 
Mnso4 . 4H20 
Znso 4 . 7H20 
Cuso 4 . 5H20 
(NH4 ) 6Mo 7 o 24 . 4H20 
Feso 4 . 7H 20 
EDTA 
. 435 
.200 
.022 
.0078 
.004 
1.000 
1.7 r4 
Dissolve the EDTA in 9.21 ml. of N NaOH. 
Add the trace elements, dilute to 100 ccs., bring 
to pH 4.6, and draw air through the solution for 12 
hours. Add lee. of this colution for each litre 
of major nutrient solution. 
(c) dispensing the medium: 
Adjust the pH of the combined solutions to 6 .0 
(by adding the required amount of N NaOH). 
151 
Boil the nutrient solution and add agar in the 
proportion of 8 gms./litre of solution ('Difeo' 
Noble agar was used throughout the present study). 
Dispense the solution into 6 11 x ~" rimless test-
tubes, approximately 7.5 ml./tube. Plug the tubes 
lightly with non-absorbent cotton-wool, and 
autoclave for 10 minutes at 15 p.s.i. 
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APPENDIX B.l ~ Basic data from the growth-rate trials 
Environmental conditions - optimum 
Genotype Number Sum of 
Generati on number Sum of 12lants s quares 
1 3208175 20 53.9136 
2 3.0868 2 407644 
3 25 02362 18 3507289 
4 25 0 0171 18 3409344 
parent 5 30. 6824 20 4 7 0 2401 6 31. 6481 20 5 o. 2080 
1 22.8266 15 34 . 7805 
8 3106390 20 5 o. 1616 
9 30.5710 20 4608892 
10 32 0 0266 20 51.3411 
11 50.544 7 30 85 .3 069 
12 49 .6200 30 82 . 2615 
13 48.3989 29 81. 0518 
14 48 . 9299 30 79. 9590 
15 47.4755 30 7503446 
16 4 7 0 7064 29 7806727 
17 4 7. 0318 30 74.0110 
F 18 44 0 0979 29 67.3123 2 19 4702465 29 77.2283 
20 43 . 2941 29 64. 9327 
21 43 0 9140 28 69.3649 
22 46"7994 30 73.2745 
23 47.8012 30 76.8107 
24 4 7 0 3707 29 77 . 5196 
25 4502564 29 700 9519 
26 16.3180 10 2607787 
27 1306377 9 200 8416 
28 1506176 10 24.5418 
29 14 0 5824 9 2306614 
30 15.2734 10 23 0 ~-629 
31 16.5519 10 27J4499 
32 13.3834 8 2204165 
Fl X Fl 33 13 .1905 8 21. 8050 
34 14.7194 9 240 1065 
35 16.0714 10 25 . 9299 
36 16.6680 10 27.8274 
37 15.2859 9 25.9937 
38 17.0810 10 29.1921 
39 16. 0442 10 25 0 8005 
40 16.5628 10 2704633 
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.APPE1IDIX B. 2 g Basic data from the growth~rate trials 
Environmental conditions - medium temperature-stress 
Genotype Number Sum of 
Generation number Sum of plants squares 
1 22 0 0324 17 2908091 
2 26.7825 19 37.9266 
3 19.4231 20 20.1853 
4 18. 0539 19 18.0177 
parent 5 21.9284 19 25. 823,i 6 21.4046 18 26.7871 
7 2403152 19 3107722 
8 26. 0857 19 36.5084 
9 22.4727 19 26.9351 
10 25.2732 19 34.7854 
11 45.8127 30 70. 6012 
12 39.6530 29 55 0 2201 
13 44 .4870 30 66. 7330 
14 44.8971 30 67.6836 
15 43.9039 30 6404176 
16 44.1781 30 65.5894 
17 35.7442 29 44.7893 
F2 18 37 0 0830 30 46.7773 
19 410 6308 29 60. 6331 
20 34.9462 30 41. 3695 
21 40. 0003 29 56. 4043 
22 37.5674 30 47 0 8526 
23 42.7985 30 61.6475 
24 46.0998 30 71. 05 03 
25 39.8399 29 55 .1854 
26 15.4977 10 24.3516 
27 13.0476 10 17.6117 
28 13.3723 10 18 . 1289 
29 15 0 0031 10 22.5349 
30 12.4370 10 15 0 9487 
31 15 . 4902 10 24.0781 
32 13.6897 9 20 ., 8773 
F1x F1 33 16 0 0573 10 25.8326 34 15.4668 10 24 0 0801 
35 15 0 0394 10 22 0 6505 
36 15. 8169 10 25 0 0607 
37 14-. 3 062 a 22.8179 ,) 
38 15.1730 10 23 , 6563 
39 14. 2082 9 22.4724 
40 15.5389 10 24 02460 
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APPENTIIX B.3 g Basic data from the growth-rate trials 
I~:nvironmental conditions 
- high temperature stress 
Genotype Number- Sum of 
Generation number Sum of plants squares 
1 6 .4205 18 2. 9368 
2 1.4734 2 1.5982 
3 6.1820 16 3.1410 
4 201993 6 1. 0742 
parent 5 10.5433 18 7. 0951 6 1.1942 2 0.8239 
7 9.2542 19 7. 9963 
8 2.2242 4 2.3032 
9 10.5722 17 1(. 2758 
10 7.4473 15 5. 0362 
11 27.8875 30 30.1301 
12 21. 9484 29 18.8001 
13 19.4425 29 18.8234 
14 23.9266 29 22.7176 
15 25.8244 29 26. ::2166 
16 21.4320 29 18.3783 
17 18.7344 28 14.7931 
F2 18 17.4216 26 13. 4978 
19 22 .7870 27 22 .4826 
20 20. 5403 29 16. 0378 
21 19. 8611 30 16.1671 
22 19. 5024 28 16. 0267 
23 24.2412 30 22.7906 
24 21.5765 26 21. 0398 
25 21.7552 28 19. 2858 
26 10. 9958 10 13. 8158 
27 7. 0055 8 6, 5586 
28 7.6592 10 6.9316 
29 12.3133 10 16.8846 
30 8.6992 9 9, 0556 
31 11.1746 10 14 . 8226 
32 8. 8.356 8 11. 0463 
F1x F1 33 12.7909 10 17 .5108 34 12 .15 09 10 15.7262 
35 11.1944 9 14 •'~-882 
36 13.0174 10 18. 2303 
37 12.4637 10 16. 5014 
38 13.1545 10 18.3196 
39 12.3691 10 16.2170 
40 12.6094 10 16.6653 
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APPENDIX B .4 ~ Basic data from the growth- rate trials 
Environmental conditions - medium light intensity-stress 
Genotype Number Sum of 
Generation number Sum of plants s quares 
1 2700304 19 38 ~4987 
2 26.0624 20 34 . 0709 
3 20? 1202 17 23. 9308 
4 27 05 852 20 38. 1493 
parent 5 26 .4602 20 35. 0522 6 2603975 19 36.7369 
7 21 03927 16 28.6715 
8 260 9340 19 38.2386 
9 28el448 20 3906297 
10 26 .5406 20 3503279 
11 40. 5339 28 58. 7L1r25 
12 39. 2809 28 55.2375 
13 43.1558 30 62 0 3028 
14 39. 0103 28 5404976 
15 40.5731 30 55. 0098 
16 3901059 28 54.7452 
17 35.1613 26 4707309 
F2 18 35.9426 27 48. 0985 
19 400 7484 29 57.4711 
20 38.8864 28 54.0886 
21 37.5360 26 54.2900 
22 41.3426 29 59 .1071 
23 40. 9977 29 58. 0487 
24 40. 3200 28 58.1807 
25 40. 5964 30 55.2099 
26 14 .3600 10 20. 6942 
27 12 0 3204 9 16.9518 
28 12 .9129 9 18. 5406 
29 l/].02652 10 20.4328 
30 11.1503 8 15 0 6929 
31 1403519 10 20. 6706 
32 1301541 9 19.2528 
F1x F1 33 13 .1958 9 19.3636 34 11. 2159 8 15.7974 
35 12o700L,- 9 17.9631 
36 14.4420 10 20. 8889 
37 12.7684 9 18.1490 
38 13.1140 9 1901237 
39 9.965 7 7 14. 2023 
40 lLL 2014 10 20.1883 
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APPENDIX B. 5 g Basic data from the growth-rate trials 
Environmental conditions - high li ght intensity-stress 
Genotype Humber Sum of 
Generation rrumber Sum of plants s:1uares 
1 1904125 19 1909938 
2 1500050 17 13.2808 
3 1603446 19 14 01578 
4 1505777 16 150 2979 
parent 5 19.2614 19 19.6123 6 18.5915 17 20. 4399 
7 16.0113 19 13.7653 
8 18.7241 18 19.6658 
9 21.5161 20 23o239b 
10 15.9751 20 1208561 
11 3207983 29 37 0 3485 
12 29.3525 29 300 0990 
13 29 0 8802 30 30. 2209 
l Ll r 32.5257 29 36.8262 
15 2805108 28 29. 4313 
16 2802513 28 28.77 63 
17 27 0 9!;-5 7 28 2801723 
F2 18 2602107 29 23.9630 
19 280 8302 29 29 ., 0087 
20 28 . 6668 27 30. 6969 
21 310 4010 28 35. 4788 
22 2802380 26 310 021~6 
23 30.9701 30 32.2831 
24 29,7139 26 34 01336 
25 27.9857 27 29.2692 
26 1201504 10 14 0 8803 
27 10.8277 10 11.7930 
28 12 • t142!1r 10 15. 6729 
29 10. 9380 9 13.4288 
30 12.0680 10 1L1_ o 7 L!.5f, 
• I I 
31 12. 9804 10 16.9744 
32 11.6154 9 15. 0595 
F:x:F 33 12. 20<'l 7 10 14.9080 1 1 3Lt 10.3233 0 12 0 0480 7 
35 12. 2209 10 15 0 031,.8 
36 11 .8124 10 l ,~ o 32!r6 
37 12 . ,'1- L) 1 10 15 0 5102 
38 12.318('_ 10 15. 2285 
39 11.6790 10 13 o 8L1r59 
L1 0 r 12.0637 10 14 . 65 3/r 
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A~PENDI X B. 6g Basic data from the e7:owth- rate trials 
Envirorupental conditions - medium mannitol-stress 
Genotype number Suo of 
Genera, ti on nunbeT Sum of plants sca,uares 
1 2200376 17 2808813 
2 2207117 18 2807529 
3 2 . 3772 2 2 .. 8310 
IL 11 .. 6628 9 1501516 
parent 5 1006182 9 1206191 6 10 .. 5980 8 l !l .. 0991 
7 2. 2612 2 205589 
8 12 o 66Ll 10 1601317 
9 13 . 1568 10 1703711 
10 lOo 5329 8 13.9272 
11 36.9476 28 1;-9 . 073 7 
12 35 0 5807' 27 ~-7 ~ 1074 
13 3/;. 0 7838 26 46.7544 
14 36 0 0057 27 48. 1569 
15 33 0 0756 27 400 6892 
16 L~O o 2527 30 5'1-01262 
17 3107677 25 40.6131 
F2 18 3102520 25 39 0 2062 
19 34 . 3033 27 43 0 811:-7 
20 33.3661 27 41 . 5155 
21 38.1527 29 50.,34-02 
22 30. 8048 24 39.6910 
23 39.6250 30 52.5398 
24 39 0 8004 30 53. 0821 
25 34.9723 29 42 .7301 
26 12. 0596 9 16,2191 
27 12.9447 10 16.7977 
2S 13.4552 10 18 .1291 
29 13 05449 10 18.3756 
30 12.9534 10 1608374 
31 13.3369 10 17.8299 
32 1301383 10 17036221 
F1x F1 33 12.3882 9 17.0851 
'fl l?.2629 9 1607286 
.) ' 
35 11,8113 9 15 .. 5371 
36 12 0 2066 9 16.5776 
37 13.2180 10 1705 211:. 
38 13 ,, 9277 10 l 0. 1 ;1 LI /l 
-- 'Y O '--. 1- r'-r 
39 9. 3504 7 12. 5060 
,tO 10.9778 8 15. 0963 
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APPENDIX B . 7 g Basic data from the growth-ra te trials 
Envirorunental conditions 
- high mannitol-stress 
Genotype Number Sum of 
Generation number Sum of £lants sg,uares 
1 160 2004 15 17.9094 
2 1906206 19 200 4904 
3 3 ,6432 4 3 0544 0 
4 1202 735 12 12 0 8050 
parent 5 1709572 19 17. 2966 6 14o1L88 13 15 0 7403 
7 5 03349 7 4? 3306 
8 140 3789 12 17,5629 
9 14~ 3691 13 160 4296 
10 9.5263 10 9. 5951 
11 3209688 28 39 .4488 
12 25 0 0330 23 27. 8110 
13 33 0 7702 28 41. 0256 
14 33 08155 30 38.4642 
15 310 6091 28 3507473 
16 35,5166 29 43.7190 
17 34.0837 30 39 .1513 
F2 18 31. 4397 29 31.3857 
19 33.8316 30 38.6709 
20 31. 0436 20 
./ 3401012 
21 300 2678 27 34.2382 
22 2900660 26 32. 6085 
23 33 c8359 28 410 0805 
24 300 0401 28 32. 9440 
25 29. 3960 28 3107137 
26 12. 1626 9 16,4636 
27 8.5209 7 10.3997 2 (~ u 11.2529 9 140123 1 
29 1203400 10 16.5190 
30 11 .5652 9 14 . 9386 
31 12.8148 10 16. 4818 
~2 j 11 . 3731 9 1/i. 0 4762 
F1 x Fl 33 1201213 10 14.7981 34 13 0 ~-633 10 18 . 1484 
35 10.9[:)36 9 13 .5 05 3 
36 1208627 10 16. 6122 
37 13. 0314 10 17 0 3013 
38 13 "2821 10 17.6775 
39 9.2751 7 12. 2979 
40 1303643 10 17 . 9393 
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APPENDIX B. 8g Basic data from the growth-rate trials 
Environmental condi tj_ons - medium nutrient-stress 
Genotype Number Su.m of 
Generation number Sum of plants s9.uares 
1 25 0 5505 19 34 0 3 740 
2 2309724 19 3003617 
3 1209349 11 1502370 
4 210 7098 17 2707417 
parent 5 25. 0957 19 33 02289 6 2109833 17 28 04591 
7 20. 8536 17 25.6807 
8 27. 1276 20 36 . 8340 
9 25 0 0533 19 33. 0810 
10 22 'J 7592 18 28.8242 
11 40. 0636 29 55.3990 
12 34 0 5 901 26 1J 601416 
13 36.5131 27 49 . !1.210 
14 37,0063 28 480 9578 
15 3604138 28 4703981 
16 38. 3060 29 50. 7885 
17 35.5272 27 46? 8072 
F 18 30.1082 2f1_ 37. 8587 2 I 19 31.3343 24 410 0501 
20 39.5601 30 52.2146 
21 35 ,, 3379 27 46.2899 
22 35 0 7604 27 47.3967 
23 ~- 0. 04 77 30 53.5209 
24 38.6285 29 51.5420 
25 300 0658 24 37,8831 
26 12.9116 10 16. 7143 
27 1101040 9 13 0 8302 
28 11.59.13 9 l it . 9468 
29 13 -, 1798 10 17.3789 
30 12.7517 10 16.3278 
31 12.9395 10 16 07943 
32 9. 0570 7 11,7394 
F X F 33 13.2418 10 1705411 1 1 3~- 13 0 2466 10 17 -5530 
35 12ot>l56 10 16.4801 
36 11. 8491 9 15 0 6046 
37 lOo 7867 8 lt; 0 54 7 !~ 
38 1006793 8 14 . 2651 
39 11 .5165 9 14c7914 
40 13.1723 10 17 0 360~-
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APPEiillIX B • 9 ~ Basic data fTom the growth-rate trials 
Environmental concff.i ti ons -- high nutrient-stress 
--Iii' 
Genotype Number Sum of 
Generation number Sum of J2lants squares 
1 ll o 195 8 11 11 05 35 8 
2 25 0 3301 24 2609631 
3 3 0 7820 4 3 0 6081 
4 14 0 6092 14 15,6124 
parent 5 230 7359 24 23 ,6833 6 806786 9 804815 
7 509138 7 501410 
8 2108809 21 2301601 
9 14 0 7882 14 1508071 
10 12,1394 12 1203241 
11 310 5501 29 3403686 
12 1401990 14 14. 6035 
13 1901966 19 1905222 
14 2605459 25 28.,2517 
15 2203779 21 2308947 
16 27.5810 26 29 0 3054 
17 25.2817 24 2606879 
F 18 20,1879 20 200 5108 2 19 25 0 0114 24 26.1421 
20 2901453 27 310 5207 
21 2807195 27 300 6570 
22 28 ,11r 811 26 310 2709 
23 2609685 26 28.0628 
24 27 0 5081 26 29,1982 
25 1303077 13 13.6821 
26 8.4917 8 9. 0582 
27 7 0 3202 7 7,6866 
28 , 9 . 9i:;.91 9 1100122 
29 9~ 6442, 9 10. 3653 
30 8,3534 8 8. 7804 
32 lOo 7795 10 1106675 
F1x F1 33 80 785~- 8 9,6755 
31;- 605733 6 7,2115 
35 806814 8 904353 
36 808716 8 9.8437 
37 11~1729 10 1204948 
38 lOo 8905 10 1108960 
39 10.7118 10 1105260 
40 1006468 10 110 3~ 99 
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APPEtIDIX :s .10 ~ :Basic a_ata from the growth-rate trials 
Envir onrnontal conditions - medium temperature- and 
light intensity- stresses 
Genotype Number Sum of 
Generation number Sum of plants s9.uares 
1 22.0900 19 25.8989 
2 1.3531 2 0.9236 
3 14.4932 18 11.9924 
4 17. 2076 20 15. 2382 
parent 5 17 . 4901 18 17.3349 6 0 . 0000 0 0.0000 
7 17.9355 20 16.9746 
8 0.0000 0 0.0000 
9 19. 4695 19 20, 1019 
10 12.5289 18 9 .4808 
11 36 0 0257 29 45 .144 7, 
12 33.5979 29 39 0 6202 
13 34.3235 29 41. 1159 
14 35.5916 29 44 . 0042 
15 35. 0725 30 41.3621 
16 30. 4893 29 32.6291 
17 29.6452 29 30. 9714 
F2 18 28.6279 30 27.8622 
19 27.4229 25 30. 7069 
20 24.9822 24 26.6198 
21 36. 9857 30 46. 1058 
22 30. 9265 28 34 .4741 
23 30.4769 28 34. 0843 
211r 36.8882 29 47 .2311 
25 31. 4261 27 36. 853 7 
26 10.7677 9 13. 0451 
27 9.8414 10 9.9364 
28 11.7965 10 14 ,1608 
29 7 .5 120 6 9 o ,17 8L1-
30 11.0384 10 12.4115 
31 10. 2016 8 13.0859 
32 13.5975 10 18. ~. 965 
F1x F1 33 10. 4988 8 13.8423 34 9~5510 8 11. 5316 
35 10.9225 9 13.3154 
36 11.6495 9 15 . 1088 
37 12.2473 10 15.1168 
38 12 0 1606 10 14.8984 
· 39 11.6607 10 13.8348 
40 11.5177 10 13.5572 
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APPENDIX B.llg Basic data from the growth-rate trials 
Environmental conditions - medium temperature-- and 
mannitol-stresses 
Genotype Number Sum of 
Generation number Sum of plants sg_uares 
1 20. 3829 18 24.0157 
2 13. 7901 12 16.2632 
3 8.3180 11 6.7461 
4 707656 10 6?1836 
parent 5 17.0344 17 17.4660 6 6,1674 7 5. 5846 
7 11 .4835 11 l2al686 
8 9 0 6341i- 8 11.7437 
9 16.0613 15 17.4729 
10 13.3725 12 15.5221 
11 39.0199 28 54.5759 
12 37. 3505 30 47.2229 
13 li- 0. 045 3 30 53.9264 
14 38.3003 28 52 .6936 
15 3;1r • 8804 27 L)-5 o ~-095 
16 40.4 706 30 54 . 9092 
17 27 0 3089 25 30. 5055 
F 18 26.6516 25 29.3732 2 19 32 .5045 26 40 . 9834 
20 30. 3586 28 33 .4056 
21 35. 0204 29 42.8923 
22 32 0 3021 29 36. 4676 
23 35.5250 28 45 0 721L1, 
24 39.9281 29 55. 3053 
25 35 0 7484 29 44,4581 
26 13.3537 10 18. 0206 
27 8.2576 8 8.9126 
28 12.2319 10 15. 2648 
29 110 0075 9 13. 6075 
30 11.5793 10 13.5731 
31 10. 6402 9 13.5538 
32 11. 8127 9 15 07326 
F1x F1 33 12.0170 9 16 .1084 34 11.6837 9 15.2255 
35 11.7i956 9 15.5357 
36 l t.-0 0693 10 19.8442 
37 1148974 9 15.7553 
38 13.5535 10 18. !;-047 
39 13. 0244 10 17 0 0673 
40 13. 3og1 10 17.8979 
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APPEN"l)IX B.12~ Basic data from the growth-rate trials 
Environmental conditions - medium temperature- and 
nutri ent- s tress es 
Genotype Number Sum of 
Generation number Sum of plants squares 
-
1 17 01438 19 17.1273 
2 16.3943 17 1702281 
3 8e3130 14 5.7546 
4 10. 3904 17 7.2852 
parent 5 14.4739 19 12.0784 6 1206990 14 12.5657 
7 1709935 18 18.9660 
8 19.7484 17 23. 9264 
9 17.2794 20 15 0 8418 
10 16.5154 19 16. 0545 
11 33 0 9007 29 42.2830 
12 290 5905 27 33.7498 
13 32. 7106 29 39 .1807 
14 29.4537 27 34 . 0904 
15 30. 5300 27 35.7167 
16 29.6235 27 34.5228 
17 18. 5856 22 18. 0659 
F2 18 24 .1809 25 25. 0058 
19 22.3157 21 25.5362 
20 24,6459 29 22.4444 
21 22. 0480 23 23 06138 
22 22.2222 23 23 .1545 
23 29.7686 28 33.3145 
24 31.5961 25 40.6216 
25 26.7849 27 28.4619 
26 13.3921 10 17 . 9803 
27 5.8931 6 5.9136 
28 11 . 1954 9 14 . 011~5 
29 1104572 9 14 0 8390 
30 11.3264 10 1300337 
31 12.6786 10 16.1972 
32 12.9071 10 16~9335 
FxF 33 13.5332 10 18.3689 1 1 34 1101047 9 13.7712 
35 13 ~ 1905 10 17 . 4835 
36 13.9382 10 19 .4440 
37 13. 3083 10 17.9715 
38 13.4433 10 18 01475 
39 12.7964 10 16 . 441G 
. 40 13J2817 10 17.7009 
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APPENDIX B.13g Basic data from the growth-rate trials 
Environmental conditions - medium light intensity-
and mannitol-stresses. 
Genotype Number Sum of 
Generation number Sum of plants s~uares 
1 1907614 17 23. 0854 
2 23 .4068 20 27.6111 
3 10. 0552 11 9.7895 
4 22 , 9400 20 2605084 
parent 5 21. 0353 18 2406137 6 200 6666 17 25 0 2065 
7 18. 9604 18 20. 3099 
8 22 0 3 017 19 26.6107 
9 21.1854 18 25 0 0271 
10 21.5166 18 25.8133 
11 32 .4409 27 39.4142 
12 21. 2008 19 24. 3840 
13 34.2655 28 42.3539 
14 36 0 9042 30 45.6520 
15 30. 3649 26 35.7708 
16 37.2830 30 46.5771 
17 28.6233 25 33 0 0840 
F2 18 31.4633 27 36.8727 
19 32.8278 27 40.4080 
20 3501042 29 42. 8005 
21 33 e 0741 27 40. 5933 
22 33.3115 29 39. 0287 
23 33.3180 27 410 24 74 
24 36.7123 30 45.1197 
25 24.3311 21 28.4157 
26 12.5842 10 15. 8593 
27 9.5667 8 11.4554 
28 10.5999 9 12. 5.551 
29 12.4869 10 15 0 6208 
30 12.0977 10 14.7176 
") 1 
_) 12.7019 10 16.1666 
32 10. 9553 9 13.4564 
F1x F1 33 12.3628 10 1503524 
3~ 11.5985 9 14 0 9575 
35 6 0 98i38 6 8.2833 
36 11.0086 9 13 . 6447 
37 8. 3997 7 10.1410 
38 10. 0983 8 12.7952 
39 12 .5001 10 15.6495 
·40 9.7563 8 12. 0796 
165 
APPENTIIX B. l4g Basic data from the growth- rate trials 
Environmental conditions 
- medium light intensity-
and nutrient-stresseso 
Genotype Number Sum of 
Generation number Sum of plants squares 
1 2302416 20 27.4555 2 16 0 0915 19 14.2657 
3 16 0 0943 19 13.9723 
4 18. 0346 18 18 . 3398 
parent ) 21 0 6646 19 2409996 6 20. 5413 18 2307955 
7 18 03340 18 18. 8382 
8 20. 0409 19 21. 3000 
9 1302723 14 12.8491 
10 14. 3 702 16 1301464 
11 34 ,5170 28 4301993 12 21.2388 20 23 .4905 
13 33 0 9590 30 39. 0371 
14 310 0211 27 36 0 0849 
15 30. 14 78 29 32 03784 
16 28.1295 26 30~6778 
17 2508891 25 27.6414 F 18 2206987 25 21.4360 2 19 28. 7206 27 3102246 
20 31.1089 2Q 34.2542 / 21 30. 7407 27 35°5729 22 30.1649 29 3201036 
23 3203424 28 3 7 0 7071 
24 31.3515 27 36.7629 
25 28.4860 28 30.3394 
26 10.5192 9 12.4656 
27 10. 0955 10 10. 3439 28 9 0 431!~ 8 1101496 
29 9.0873 8 10. 5466 
30 1106297 10 13.7259 
31 1004930 9 12.3248 
32 10.4182 9 12 0 175 0 F1x F1 33 10. 3295 9 11. 9767, 34 11.3792 10 13.4824 
35 7,4341 8 7.1314 
36 11.1800 10 12.6696 
37 9.9695 9 11.1789 
38 10. 9909 9 13.4461 
39 10. 6958 10 11.7235 
40 10. 0597 9 11.4811 
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APPENIJIX Bol5g Basic data from the growth-rate trials 
Environmental conditions 
- medium mannitol-
and nu tri ent-s tress es 
Genotype l'Tumber _Sum o·f 
Generation number Sum of plants s 9.uaros 
1 2303551 19 2807352 
2 2301428 19 2802277 
3 1709256 16 2001681 
4 200 2738 18 2209183 
parents 5 2309932 20 28.9089 6 18.8725 16 22.3137 
7 13.3668 12 14 0 9526 
8 22.4179 18 280 0093 
9 21.1358 18 24 . 9670 
10 21,1759 18 25 0 0736 
11 38.4045 30 49 0 2103 
12 20. 8104 17 2506662 
13 310 0224 25 38.6471 
14 3407317 29 41, 8730 
15 3106112 27 37.1036 
16 34. 0207 27 42.9098 
17 3405 715 29 410 3894 
F2 18 24 0 9906 22 28.4661 
19 32.8341 27 400 0532 
20 33.7532 28 40 . 7887 
21 3208709 27 40.1005 
22 32.1829 27 38.5362 
23 3202281 26 400 0617 
24 310 0371 25 38.6857 
25 15 0 6708 13 18,9288 
26 11. 3 705 9 14. 3802 
27 10.7750 9 12.9190 
28 10.0175 8 12 .5505 
29 1203024 10 15. 2499 
30 10.8297 9 13. 0856 
31 11.5900 9 14.9392 
32 12.3214 10 15.2263 
F1x F1 33 11.1982 9 13.9430 34 9.8733 8 12.2196 
35 10.0006 8 12~5194 
36 7.2608 6 8 . 803 7 
37 11. 3482 9 14.3192 
38 8.9510 7 11.4600 
30 9.7494 8 11.9270 
40 11.2669 9 14.1210 
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APPENDIX c~ Supplementary F2 data 
l.Environmental 
-
conditions - optimum 
Genotype Number Sum of 
number Sum of plants s9.uares 
11 4104491 26 66.1780 
12 39.8629 26 61.3085 
13 46.7545 29 75 .4849 
14 41.3885 27 63.5427 
15 40.5735 27 6100892 
16 46.1986 29 73.6946 
17 43 . 4856 29 65.2754 
18 35.3551 24 52.2162 
19 43 .1010 28 66.4583 
20 45. 0521 30 67.8244 
21 42.2992 27 66.4314 
22 45 .293 6 29 70. 8498 
23 42 .1358 27 65. 9099 
24 37 .4822 24 58.6469 
25 44.5181 30 66,3320 
2.Environmental conditions - high temperature-stress 
Genotype Number Sum of 
number Sum of plants squ2~ 
11 33~4931 27 42.1127 
12 27.'. 3416 27 29 0 5505 
13 27.6893 28 29.7913 
14 29. 0219 29 31.5490 
15 30.2467 28 34 .4263 
16 28. 5205 27 31. 8400 
17 
I 19.7480 27 15. 7042 
18 2301037 26 22 0 0234 
19 29.6653 28 22. 0543 
20 24.5480 27 23.3821 
21 24. 8098 29 24 .2888 
22 23.1159 27 22.2417 
23 26. ,1.863 28 26. 4946 
24 30. 7662 27 36 . 5345 
25 29.7806 29 32.5727 
168 
APPElIDIX D.lg data from fourth-~eneration trials of 
selected material - means and standard errors 
Response environmente optimum conditions 
line * 
S ELEJTI ON ENVIRONMENT 
number 012timum high T hig:h L bJB:h M hit3:h N 
S 1 la 70768 1061518 l.69444 1063488 1.58902 
0 01108 . 013 70 0 01765 • 01486 . 01316 
S 2 10 63430 1056227 1.62900 1.62346 1 . 63532 
0 02043 • 024 72 0 02140 . 02293 0 01853 
S 3 1.66194 1.62539 1.65207 1.66062 1.71243 
0 02221 0 02114 0 01693 0 01427 . 0194 7 
s 4 1062596 1.62327 l,69633 1062779 1.67155 
0 01689 0 03012 . 01373 . 01774 0 01955 
s 5 1068778 1.56415 1.63712 1.64500 1.62964 
• 01111 . 01391 • 01616 .01690 • 02046 
s 6 1. 70645 1. 5784 7 1.,58131 1.60000 1.63836 
.01870 . 02424 0 02991 0 013 71 . 01582 
r< 7 1.61342 1.61792 1.57239 1. 57005 1. 58128 0 
. 01691 0 02905 0 01890 .01861 .01289 
s 8 1 .65199 1.66798 1.61960 1. 60226 1.55565 
• 01196 • 01250 0 02096 • 01153 • 01463 
s 9 1057658 1.62795 1061663 1.64118 1062620 
0 03111 0 04011 . 03705 . 02539 • 02565 
S10 1.63814 1.63790 1058367( 1.58391 1.60898 
0 02208 . 02527 ~ 02539 • 0184 7 • 02067 
R 1 1.57489 1.62463 1.53968 1.53044 1.5414 T 
. 01768 . 02353 . 03338 . 01071 0 03988 
R. 2 1. 60252 1. 61102 1 . 47356 1.54593 1.59748 
0 01605 . 04048 . 00910 . 01725 . 01719 
R 3 1. 60589 1.53896 1 . 56670 1.52503 1.54575 
. 03702 0 01103 0 00853 . 03944 . 02090 
R 4 1.58157 la56037 1.61760 1.49620 1.49642 
0 04 013 0 01974 0 03 744 . 034 76 . 0574 7 
R 5 1.57335 1.59227 1. 64855 1.60005 1.56711 
0 02015 . 02387 . 01295 . 03199 . 02596 
R 6 1.53236 1.63147 1.61350 1 . 64630 1.57165 
. 01982 ~ 03441 . 02084 . 01387 . 01936 
R 7 1.56225 1 .54431 1. 60393 1. 60908 1.50500 
0 02552 • 02324 0 02592 .00811 . 02838 
R 8 1.68986 1 063464 1.58311 1.61610 1.55312 
0 05 032 0 03876 . 00816 . 01102 . 01291 
R 9 1. 58346 1. 60846 1. 66705 1.56735 1.4 7082 
. 01992 . 04099 . 02349 . 043 79 0 04680 
RlO 1 . 62201 1.52550 1 . 63144 10 60752 1.60375 
. 02336 . 023 ilil . 00939 . 01672 0 01696 
* S denotes the selected lines, R the randomly-chosen lines 
- -- - - ~- ----- ----- -
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APPENDIX D.2 g data from fourth- generation trials of 
sel ected material ·- means and_ standar d errors 
i 
Res:2onse environmentg high light int ensity-stress 
line* s ELEC TI on ENVIR ONltENT 
number o:r2timum hi[fh T high L hi gh M high 1T 
S 1 0 90515 1.18882 1.17743 . 31661 1.00186 
I • 05296 . 03535 . 05239 • 04679 • 03281 
S 2 . 85628 1.15533 1.14917 .71811 1 . 01488 
I 
• 06519 0 01778 0 03361 0 04628 . 07349 I, 
I s 3 . 88430 1 -14227 .87969 . 95290 . 8723 O 
111 • 06385 • 04348 . 06609 • 03888 . 08671 
ii i s 4 . 8794.7 1.24352 1.19010 . 88197 .80960 
Ii .11314 • 02623 • 02866 • 03139 • 08744 
s 5 . 82849 . 66960 1.23984 . 90628 .78198 
. 05 896 . 04936 . 02698 • 03888 • 03512 
s 6 • 78844 .7077 6 1.11235 0 86082 .97378 
. 08375 • 03518 . 05003 . 04784 • 03843 
s 7 .79316 . 68836 1 . 02204 . 95330 1. 07990 
• 05561 . 05398 • 04655 . 04128 . 05003 
J 
s 8 1.11962 .96128 . 98912 'I 1. 00002 .72797 
. 05038 . 04604 . 03696 0 0445 0 .07454 
II s 9 0 95 123 1.02535 .91612 . 93148 1.12839 
11 
0 03579 . 08757 • 03956 . 04964 0 03096 
S10 . 74700 .74470 1.06365 . 96361 1.16011 
1,, • 04814 . 06787 . 03532 . 07355 . 04114 
I I 
• 76063 . 7703 8 1. 08914 R 1 1. 02511 1. 03137 
1,1 014 785 • 05223 0 01176 • 03e76 . 09107 ,, 
R 2 . 87699 . 955 03 . 68692 . 95 011 1 . 00723 
,II 
. 09253 . 06694 . 05345 . 01987 .11254 
R 3 . 70261 . 91845 1. 05085 .. 96132 .744 74 
I 
• 08675 . 083 73 . 04867 • 07269 0 07896 
R 4 0 8534 7 .93747 1.01780 ?97658 . 792 00 
g ll 
• 01562 . 04057 . 05154 . 0582T 0 06256 
,I n 5 0 95543 1. 04310 . 90845 . 81267 0 88578 
I . 06407 0 03845 • 00544 . 01841 . 11117 
r: R 6 . 99677 .83232 . 80586 . 72475 1. 05467 
11  . 01eo4 0 10723 . 08002 0 08832 0 07406 
H R 7 1 . 06102 . 99395 • 68607 .74180 .89710 
~ . 03630 . 06478 .10683 . 07801 .10676 
R 8 1. 08908 1. 00516 0 78508 . 69766 0 97703 
I 
I 
.10682 0 0654 7 0 04661 ~ 07692 .12606 
I R 9 .67753 1. 05152 . 68483 086624 . 91322 
. 08687 • 04568 . 09120 . 07162 0 05 777 
·. RlO . 85317 . 82608 .7715 8 .7 7189 . ,32 865 
1: 
. 08138 .13688 . 03 719 . 063 02 • 07246 
11, 
I, -* S denotes the selected lines, R the r andomly- chosen lines 
I! 
11,1 
I 
111 
Ii 
l 
• 
Le . 
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I 
I 
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I APPENDIX D.3g data from fourth-generation trials o_f 
t I< selected. material - means and standard errors 
Res;eonse environr11ent g high temperature-stress 
l 'I line .)* S ELEC TI OH ENVIR O:NTVIENT 
numbeT optimum high T high L hi -7 h NI p high N 
S 1 1042615 1.36771 1016095 1021668 1.35514 
I 
. 05338 • 06205 0 04425 • 06305 . 09464 
S 2 1038675 1047045 096847 1.33182 1.31603 
. 04482 0 02550 . 08589 . 05223 . 06354 
s 3 1008312 10 3 7306 1044014 . 95091 1.01349 
;'i 0 11528 0 05944 0 02907 0 05987 .10260 
I s 4 . 83744 1.38271 1.30863 10 02556 • 90724 
0 08998 0 02662 , 06074 0 04960 0 09267 
s 5 1 .. 39081 la27929 1.06134 10 05230 1.28526 
0 05825 . 03660 0 03172 0 08318 0 07126 
l',1 
11 s 6 1.37835 1.36191 . 71027 0 99590 1035201 
I! . 05103 • 02675 0 04225 0 09222 0 06068 
s 7 1.32384 1.26544 10 4422t~ 1. 39106 1 .13674 
• 06730 . 06569 0 01541 . 05710 .06988 
II s 8 1.21469 1·. 3 7238 1.46954 1.45577 1.27818 
II • 06054 . 02878 0 03021 • 04220 • 05803 
s 9 1. 1~ 786 1.45713 1 .. 40104 1 .. 39688 1. 10056 
11 • 06085 0 06714 "03 772 • 03675 . 04616 II S10 1.15825 1008124 1.42952 1.47802 1.26724 
!: 
• 10905 . 08'563 . 04946 . 03068 . 06348 
i! 
I R 1 1.45547 1.23446 1.00620 1.35983 1.33271 
Ii 
• 01998 
. 08953 0 07079 • 03267 0 06724 
, II R 2 1.32631 1.24966 1.19237 1. 08511 1 .. 27790 
0 0627 8 • 03 796 0 04317 0 2 05 79 0 04574 
Ii R 3 10 38695 0 90220 1.19936 1.11328 1. 05 015 
. 06157 "06678 . oe422 .10885 ~ 03861 
•II R 4 1 .. 34202 1.27297 1. 40569 l. 01127- 1. 05632 a 
0 06719 
.. 0541e 0 05323 . 09304 0 03845 
11 R 5 0 81257 1.41082 1 .. 00741 .84534 1 .. 20371 
l p 
0 0740[) 
. 08554 0 09423 016002 . 07527 
R 6 0 ~0349 
. 72353 0 81006 .86992 l o 03383 
' 0 10775 • 03481 . 08304 .10264 .17209 
!i R 7 l O 26060 
.86438 .5917 9 . 64360 1,16842 
ll 
.10872 • 08483 0115 97 . 04496 . 08342 
I R 8 1. 00820 
. 79245 . 64166 .53208 1. 09077 
.10062 
. 07831 0 04067 . 07185 0 0854 7 
• R 9 1.24346 0 69064 1.00169 .93373 1.24441 
. 09736 0 09327 . 09932 0 20538 . 05519 
RlO 10 30549 1. 09428 1.31962 1.10077 1.45737 
. 09954 0 02040 0 05174 0 06281 . 04039 
1, 
I * S denotes the c elected lines, R the randomly-chosen lines 
I 
[ II 
; 
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APPENDIX D.4~ data from fourth-generation trials of 
selected material - means and standard errors 
ll Res12onse environmentg high nutrient-s tress 
·'' SEL:E:CTION ElTVIRO:NMENT line* 
number optimun1 high T hi~h L high riI high 1r 
S 1 1. 04028 lo 02512 lo 024 79 . 85516 1. 07338 
I : 03,.444 • 01963 • 01310 
. 06921 . 00817 
S 2 096911 .99761 1 . 05769 .90177, 1. 05313 
0 02223 • 01930 . 01803 • 043 75 0 01356 
s 3 . 975 13 1 . 06822 .98324 . 90860 1. 04357 
I • 01902 0 01317 . 02219 • 06998 0 01683 
I s 4 . 93364 1 . 06261 1 . 00903 1. 03340 1. 04092 
. 02449 . 01971 0 01071 0 01533 . 02125 
c• 0 5 1 . 00568 . 93796 10 07322 . 9345 1 1,01807 
r,:· . 02930 . 01495 0 00906 0 02564 . 00946 
s 6 1.01698 . 97506 .98864 0 9523 7 1. 05352 1, 
I', 
. 01968 0 02601 • 03191 0 03 77 8 . 01481 
,, 
s 7 .98476 . 89346 1. 05429 .92435 10 04832 
,i, 
. 02807 . 02391 . 01232 . 03108 0 0198T( 
II 
s 8 1.06687 10 04888 . 94622 1.00887 . 90797 
Ii 
0 01025 . 02911 . 01273 0 03226 . 03465 
11 s 9 . 99826 1. 03111 .98144 .91699 1. 03659 
• 02241 . 0253 7 0 02673 . 01 728 . 01351 
Ii S10 1 . 01169 . 92472 .98982 . 92576 1.02110 
\ I 
• 01519 0 03807 0 01429 • 01250 0 01050 
R 1 1 . 00173 1.01216 . 95138 1. 05050 1. 08863 
• 0194 7 . 01723 . 02221 • 00138 . 02516 
!I R 2 . 95186 . 96534 . 89108 .95545 1.09333 
111 
. 01828 . 02234 . 02094 . 02632 . 00515 
R 3 .92971 1.02899 1.07974 10 00484 . 94630 
Ii • 02463 0 03626 . 01004 , 00857 . 02620 
o II R 4 . 91262 1. 00441 1 . 04827 1 . 04372 . 93218 
11 , • 04313 . 024 75 0 01969 0 01133 • 01695 
II R 5 1.02286 1. 03520 . 99994 .98354 Q98210 
:, • 01334 . 01403 0 02436 0 03295 . 00600 
q Ii R 6 
. 97494 . 98452 1. 02393 0 97 035 . 96145 
II 
• 0216~- . 00229 . 01007 0 02244 . 0175 3 
,a •' R 7 . 98571 . 98520 1. 014 78 . 97558 . 92014 
. 02498 . 03 358 . 01936 . 03645 . 02088 
R 8 1 . 08919 . 96063 ,, 96203 .94694 ?96455 
I . 01746 . 01680 . 012 81 . 00249 . 00635 
II R 9 . 99507 . 96063 . 92593 . 91448 . 97971 
. 017 65 0 02615 . 02830 . 03044 . 02710 
RlO 1.02424 . 97538 10 04094 0 95484 . 96245 
1, . 02145 . 00691 . 01977 . 02 917 0 03305 
,, 
* S . denotes J:,, the selected lines, R the r andomly-chosen lines 
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APPENDIX D.5g data from fourth-generation trials of 
selected material - means and standard errors 
Res;eonse environment g high mannitol-stress 
line * 
SELECTION ENVIROIJMENT 
number o-p timum high T high L high E hi_s:h N 
S 1 
.53350 1. 00207 .13853 • 92078 .573 03 
• 08602 • 03051 . 06204 • 04132 .10266 
S 2 
.49719 .98941 019133 0 90649 .67664 
• 08492 .06968 0 06043 . 04071 . 04883 
s 3 ~76218 0 81512 .17682 .69598 .46442 
.17708 • 07253 .11235 . 02835 . 08516 
s 4 . 82431 1. 06438 .16493 . 84814 • 2607T 
013405 . 05854 . 05754 . 08511 0 09004 
s 5 • 66203 • 75585 .27173 .86134 . 30534 
. 07142 • 07 861 • 07606 • 08592 . l=.765 
s 6 . 56365 .44769 • 07717 .62798 .41522 
. 08255 .14607 . 07421 0 08465 • 08467 
s 7 • 04 778 . 44381 . 86596 .79772 .50738 
• 04879 . 08758 .11441 . 06714 . 07468 
s 8 .27529 . 63140 1.03398 .86867 0 38395 
.10366 . 09382 . 09691 . 06220 .11108 
s 9 0 29844 • 64921 0 85108 .64378 . 68572 
~ 09020 .13712 . 06535 010896 . 09275 
S10 .15644 .5 8038 ~ 5304 7 0 62495 . 67491 
.10330 . 07590 .12341 . 09894 0 06573 
R 1 . 25646 0 34883 10 03383 . 69592 .39998 
• 20586 .27545 . 03608 .21610 0 07331 
R 2 0 22092 .345 63 0 93579 . 91297 .48231 
0 02962 . 204 79 . 03270 . 05065 .11~·.82 
R 3 .33625 . 43529 1. 03443 • 95226 .47 966 
.10743 . 04821 .08971 . 01266 .17523 
R 4 .90219 .11797 1. 02409 .53594 . 78606 
. 06559 0 05866 . 07600 .11684 .08179 
R 5 1. 04900 .16296 .56353 . 35 029 .13556 
• 01955 0 0824 7 . 063 70 0 07686 . 08768 
R 6 10 02081 .73442 . 95585 .913 69 0 03591 
0 03661 . 02435 010654 . 09674 .10013 
R 7 1 ~11009 .42159 .34421 .29796 , 20704 
. 03170 • 08680 .18622 .15517 .13084 
R 8 . 88421 0 73024 .51344 .26668 . 49275 
• 089So 0 08714 .12327 . 09128 .22749 
R 9 099862 0 80534 056450 . 70933 . 70542 
• 0604-4 . 07521 029567 . 06978 . 02452 
RlO 1.19408 072347 0 08971 0 751 79 06 6329 
·, 
.. 01117 . 06106 , 16960 .16290 . 07289 
* S denotes the selected lines, R the randomly-chosen lines 
